P ¥t ™
NACA TN 33516E£96

R O

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

T

TECHNICAL NOTE 3351

PLASTIC DEFORMATION OF
ALUMINUM SINGLE CRYSTALS AT
ELEVATED TEMPERATURES

By R. D. Johnson, A, P. Young, and A. D. Schwope

Battelle Memorial Institute

Washington
April 1955

ARV C
TECHN 6. o N oARY

ki 2ol

WN ‘edv) AdvHE!T HO3lL



TECH LIBRARY KAFB, NM

IR

NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS 00LLLE?

TECENICAL NOTE 3351

PLASTIC DEFORMATION OF
ATUMINUM SINGLE CRYSTATS AT
ELEVATED TEMPERATURES

By R. D. Johnson, A. P. Young, and A. D. Schwope
SUMMARY

This report describes the results of e comprehensive study of
plastic deformation of aluminum single crystals over a wide range of
temperatures. The results of constent-stress creep tests have been
reported for the temperature range from 4OOC to 900C F. For these
tests, a new capacitance-type extensometer was designed. This unit
has a range of 0.30 inch over which the sensitivity is very nearly
linear and can be varied from as low a sensitlvity as 1s desired to a
maximum of 10 microinches per miliivolt with good stability.

Tn constent-loed creep teste at bemperatures up to 1,100° F, four
additional slip planes (the (100), (311), (110), and (211)) have been
observed, besides the customary (111) plane. The (311) slip plane has
been cbserved above 300° F; the (100), above 500° F; the (211), ebove
700° F; and the (110), only at 1,000° F.

The stress-stralin curve has been determined in constant-load-rate
tests at temperatures of 82°, 5009, and 1,100° F for single crystals of
two purities, 99.99% percent and 99.95 percent aluminum.

Experiments were carried out to investigate the effect of small
amounts of prestraining, by two different methods, on the creep and
tensile properties of these aluminum single crystals. Two high-resolution
X-ray techniques used to detect and to follow the strain In these experi-
ments showed a definite polygonization of the crystalline lattice during
creep.

Light microscopy has been employed to observe the detalls of the
process of kinking. Electron mlcroscopy bas been used wilth various
replica techniques to investigete the complex nature of the slip bands
resulting from plastic deformation at elevated temperatures. From
these observations, 1t has been concluded that plastic deformation takes
place predominantly by slip which is accompanied by the mechanisms of
kinking and polygonization.
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INTRODUCTION

This investigation has been directed toward the problem of deter-
mining the mechanisms of creep. This required that a number of different
approaches be employed 1n attacking the problem. Rellable creep data
had to be obtalned over a wide range of temperatures. Then perturbations
or small changes had to be introduced into the specimens to study theilr
effects on the deformation characteristics. Examples of such pertur-
bations are a small change in purlty or a small amount of prestralning.
In eddition, it was necessary to observe the changes in the specimens
resultlng from plastic deformation. This can be done on the surface by
light microscopy, or, on an even finer scale, by electron microscopy.

The deformation can be studied below the surface by high-resolution
X-ray diffraction methods.

Previous portions of this investigation have. included & survey of
creep in metals (ref. 1), a study of the plastic and elastic properties
of high-purity aluminum single crystals at room temperature (ref. 2),
and a determination of the creep and tensile properties of these
aluminum single crystals from room temperature to 4000 F (ref. 3).

This portion of the Investigation has been concerned primarily with the
plastic properties, both creep and tensile, over a wide range of
temperatures up to and including 1,100° F.

Normal X-ray back-reflection Laue photographs were used for orilenta-
tion determination. This same method can be used to identify the opera-~
tive slip system when tests are conducted in the temperature range
wherein more than one type of slip plane may operate. This was found to
be necessary in aluminum, where the slip plane might be (lll), (lOO),
or (211) at elevated temperatures.

The use of electron microscopy in studying the deformation of metals
on a submicroscopic scale 1s Just coming into prominent and accepted use.
Although research of thls type has been carried on for the past few
years, better and more reliable methods of replication have greatly
enhanced the use of the electron mlcroscope in this particular aspplication.
Most of these studies to date have been on polycrystalline materials
deformed in tenslle tests or by bending. This effort represents one of
the flrst to study the plastic deformation of single-crystal specimens
by creep with electron microscopy and replica techniques.

This investigation was conducted at Battelle Memorial Institute
under the sponsorshlp and with the financlal assistance of the National
Advisory Commlttee for Aeronautics. The suthors wish to thank Messrs.
G. D. McDowell, W, B. Wilson, and J. R. Doig for performing the X-ray
work throughout the course of the investigation. Thanks are also
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extended to Mr. C., L. Seale for his part in developing the capacitance
strain gage and associated electronic equipment and to Mr. R. D. Smith
for carrylng out the testing program.

SYMBOLS
d =1+c¢€
L prefix to crystal number, indicating 99.95 percent purity
P,S prefix to crystal number, indicating 99.99% percent purity

a,B,X angles between three cube planes and specimen axis

v4 regsolved shear strain :

€ tensile straln

A angle between sllp direction and specimen axis

o tensile stress

T resolved shear stress

¢ angle between normael to slip plane and specimen axis
EQUIPMENT

Testing PFacilities

The general equilpment for performing creep tests and constant-load
tests at elevated temperatures has been described in detall elsewhere
(ref. 3). Three creep units were designed to employ direct axial loading
through a fixed ball-seat arrangement. Two units were modifled to allow
loading through & lever arm with a 9:1 arm ratic. These unlts were used
for constant-lcad-rate tests in which the load was spplied by vibrating
lead shot along a trough into a welght pan at the end of the lever arm at
approximately a constant rate. This equipment was housed in a constant-
tempersture room in which the temperature was maintained at 82° t 2° F.
Each creep unit was equlipped with an electric-resistance-type furnace,
either in one piece or of the split type. The power to each furnace was
controlled by a Variac connected to a Honeywell controller.
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Constant-Stress Device

One of the creep units previously used for direct loading has been
converted to a special lever-arm arrangement. The mechanics of this
type of arrangement have been described by Cottrell and Aytekin (ref. L).
In the deformation of single crystals, the slip direction rotates toward
the tension axis as extension takes place. In order to maintain a
constant resolved shear stress, that is, the component of the tensile
stress resolved in the slip plane In the slip direction, it is necessary

to reduce the lever-arm ratio by the factor cos K/(l - 8in? x/d2>l/2.
Otherwise, the resolved shear stress increases as extension takes place.

The stress was transmitted from the welght pan to the lever arm
and from the lever arm to the speclmen through steel tapes which followed
profiles. The profile on the end of the lever arm attached to the
specimen with a 3-inch gage length was circular with a radius of 6 inches
from the profile to the knife-edge suspension. Four profiles were made
for the other end. EFach was calculated to glve an inltial lever-arm
ratio of 2:1 and then decrease according to the factor quoted above for
extensions out to 15 percent. One was made for each of the initisl
angles of A of 309, 350, L0OO, and 4509, A being the angle between
the glip direction and the specimen axis. Since face-centered cubic
crystals have 12 octahedral slip systems, this range of profiles was
sultable for the most favorably oriented slip system 1n most crystals.

The lever-arm system had to be balanced so that 1ts center of
gravity was exactly at the center of rotation, so that no external
moments other than the applied one would act after extension began.
First, the profiles were made to welgh the same and to have spproximately
the same moments. Second, a small weight pan was attached to the
specimen side of the lever arm for adjusting the moment to zero when the
lever arm was in a horizontal position. Third, a threaded shaft was
mounted directly above the point of the knife-edge suspension. Two
threaded steel plates placed on this shaft enabled a coarse and & fine
adjustment to be made, so that the vertical positlon of the center of
gravity of the whole lever-arm arrangement could be adjusted to the line
of the knife-edge contact about which rotation takes place. Thus, the
lever-arm arrangement remsined balanced throughout the whole range of
extenslon for which it was designed.

Capacltance Strain Gages

Two capacltance-type strain gages have been used in this Investi-
gation. The one contalning flat parallel plates in the pickup has been
described in reference 3. This unit has been redesigned slightly, so
that now both cepacitance plates are mounted on the same shaft. This
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increases the stabllity of the unit, while adding slightly to its
welght. Although this unit has & very high sensitivity, the sensitivity
is not linear over .much of the range. The range can be increassed with
some sacrifice In sensitivity. Typical values from calibration curves
indicate that, for a range of 0.02 inch, the sensitivity varies from

1.6 to 16 microinches per millivolt. For a range of 0.10 inch, the
sensitivity varies from 4 to 50 microinches per millivolt. The unit
can be rezeroed mechanically to increase the total range.

Because of the larger strains anticipated in these elevated-
temperature tests, a new type of capacitance straln gage was developed.
The pickup for this unit is & dual-~capacitance type with cylindrical
plates, as shown in figure 1. It 1s comstructed so that, as exftension
takes place, the central cylinder moves within the concentrically
located rings. Thus, the capaclty Increases in one section and
decreases In the other. The capacitance pickup has a total electrical
range of 10 to 50 micromicrofarads per sectionm.

The outer shell and the end plates of this unit are made of Lucite,
and the other parts are constructed of commercial 25 aluminum. The
center cylinder has four holes drilled through it to reduce its weight.
The pilckup is connected to the specimen by stalnless-steel arms similar
to those used with the flat parallel-plate pickup. One end of the
specimen 1s connected to the Lucite case and the other end, to the
push rod.

The four parts of the capacitance-measuring unit sre shown in
figure 2. The oscillator is & push-pull type employing the same tuned
circuit for both grid and plate circults. The variable condenser in
this tuned circult allows the sensitivity to be varied from spproximately
10 microinches per millivolt to as low a sensitivity as is desired.
The variation in sensitivity has little effect upon the range. The
sensitivity is lineer within approximately 2 percent over a range of
0.30 inch. A typical celibration curve 1s shown in figure 3.

The oscillator is inductively coupled to two tuned circuits con-~
sisting of Lq, Lo, and the capacitance pickup. By means of discrimi-

nator actlon, the variations in capacitance of the pickup produce a
proportional direct-current voltage across the two 100,000-ohm potenti-
ometers at the output of the discriminator. The potentiometers are
linear types and are ganged together. This facllltates rezeroing
electrically in order to achileve high sensitivity over the entire range.

The output of the discriminstor 1s amplified by the direct-current
amplifier and applied to a recording instrument. The two 100-okm
resistors across which the output voltage 1s developed can be changed
to match the input Iimpedance of the recording device. The 1,000-chm



6 NACA TN 3351

variable resistor in the cathode circuit of the 6N7GT +tube is used to
adjust the linearity of the stage. This control remains fixed after
it 1s set initially, unless the tube 1s replaced. The fourth part of
this measuring unit is the power supply.

The lead wire from the measuring unit to the pickup was 300-ohm
television cable. However, since stray and lead-wire capscities have a
large effect on the sensitivity of the instrument, i1t was necessary to
calibrate the unit with the lead wires in the same position that they
would be in during a test. Therefore, the cable was replaced by a
185-ohm shielded twin lead, with the shield used as the ground wire.
For short lengths of approximately 2 feet, this wire does not exhibit
the above shortcoming. The linear sensitivity and the extended range,
which can also be increased by mechanically rezeroing the capacitance
pickup, have been found to be extremely useful in this investigation.

EXPERIMENTAT. PROCEDURE

Preparation of Crystels

The single crystals of aluminum were grown by the strain-anneal
method in the form of tensile specimens with a 3-inch reduced section
which had been machined to a 0.505-inch diameter. The method has been
discussed at length in references 2 and 3. The crystals were grown
primarily from high-purity (99.99+ percent) aluminum containing 17 parts
per million of copper, 10 parts per million each of iron and silicon,

6 parts per million of sodium, 3 parts per million of magnesium, and no
detectable manganese or calcium. A few crystals were also grown from &
slightly lower purity aluminum, spproximstely 99.95 percent. This
material contained 200 parts per milllon of silicon, 80 parts per
miliion of iron, 50 parts per million of calcium, 30 parts per million
each of manganese and megnesium, 8 parts per million of lead, and

5 parts per million of copper. These determlnations were made by
spectroscople analysis.

In order to be able to increase the yield of large single crystals
from the growth process, the amount of prestraining was varied to
determine more accurately the déritical value of the amount of prestraining.
From the summary of the results of the two growths of 54 specimens each

presented in table 1, it appears that 1- to l%-;percent prestrain ylelds

the maximum number of crystals throughout the entire 3-inch reduced
section for the high-purlty aluminum. 8Since a total of only 12 of the
lower purity crystals was grown, the prestrain was not varied for these
specimens. However, the critical amount of prestraining increases as
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the purity decreases. This prestraining follows & 6-hour amneal at
5500 C for graln-size stabilization and precedes the final anneal,
which takes 11 days, starting at 450° C and ending at 635° to 6L0O° C,

After the crystals were grown, they were etched with a solution
containing 50 parts hydrochloric acid, 48 parts nitric acid, and 2 parts
hydrofluoric acid by volume. TFor the most part, the specimens were
electropolished according to the procedure mentioned in the section
"Electron-Microscope Techniques."

The orlentation of each specimen, or the largest crystal in the gage
length, was determined by the Laue back-reflection X-ray technique. The
orientations of the cube faces and the most probable slip systems are
presented In table 2. The crystals have been grouped according to their
use, although some crystals have been used for more than one test or
observation. The angles «, B, &and X are the angles the three cube
planes make with the specimen axis. The angle between the slip direction
and the specimen axis is given as A, and the angle between the normal
to the slip plane and the speclimen axis 1s glven as ¢. With but one
exceptlon, crystal S-6h, the orilentations of the slip planes reported
are the three most favorable (111) types of planes. These are tabulated
along with the values of A for the assoclated [110] directions and the
values of cos @ cos A. This is true for all but the last section of
table 2, '"Crystels for constant-load creep tests." 1In these specimens
other slip planes have been important, so the reported plane may be a
(111), (100), or (211), but the associated slip direction is still a
[110] direction.

Testing Procedure

In the constant-load-rate tests, the load rate was held spproximetely
constant throughout the test at a value between 1/2 pound per minute and
2 pounds per minute. This locad rate could be varied by varying the power
input to the vibrator which moved shot along a trough and into a container
on the weight pan. This load was applied on the long portion of a lever
arm with an arm ratic of 9:1. A spring scale was placed in the linkage
between the lever arm and the welght pan for load measurements. The
test was started after the lever-arm assembly had been balanced to glve
no net load on the specimen. A 2-inch gage length was used in these tests.

In the creep tests the loading was accomplished by releasing a
hydraulic Jjack holding the weight pan. As a matter of technique, a
50-pound welght was placed between the welght pan and the Jack to insure
that the Jack would release the load freely but without lmpact. The
recording apparatus for the cepacitance strain gage sllowed the entire
creep curve to be recorded continuously and sutomatically. In the
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constant-stress tests, the entire system was balanced with the specimen
and capacitance strain gage in place. Then the welght pan and any
additional weights would act as the applied load. In these constant-
stress tests, a 3-inch gage length was employed, and only specimens with
a single crystal throughout the entlire 3-inch reduced sectlon were used.
The arms from the capacltance straln gage were atbtached to the shoulders
of the specimen.

In the prestrain experiments, two different types of prestraining
were employed. A rapld strain rate was obtained by dead-weight loading
or essentlally rspid inltial elongation. A relatlvely slower strain
rate was obtained in a constant-lced-rate test. Since the inltisl
extension could not be predicted reliably, this prestraining by dead-
welght loading was carried out first on one speclmen. Then prestraining
in a constant-load-rate test could be carried out to the same shear
strain on a second crystal, so that the effects of the two types of
prestraining could be compared on the basis of the same shear strain.

In the prestraining operation, the extensometer was connected to
the specimen on its shoulders. This prevented any damage resulting
from the contact between the knife edges and the crystal in the 2-inch
gage length used In the subsequent test. Specimens for which test
results were to be compared directly were chosen to have spproximately
the same values of cos ¢ cos A, the factor which determines the
fraction of the tensile stress which is resolved in the slip plane in
the slip direction. When the prestralning was performed at elevated
temperatures, a split furnace was used so that the furnace could be
removed shortly after the prestralning operation had been completed.
In the subsequent test uwpon which the effect of prestraining was being
studied, an attempt was made to minimize and to equalize the heating
periods. This tended to reduce and to standardize any recovery effects
which may have been important at the temperature of the test.

X-Ray Diffraction Methods

A normal back-reflectlion Laue technique has been employed for the
determination of crystal orientaticns. Thle method has been useful
also for the determination of the operative slip plane 1in elevated-
temperature tests. When the s8llp bands on a deformed crystal exhibited
abnormally large shear stralns, a back-reflection Laue photograph was
taken normal to the shelf produced by the slip band. In this manner the
operation of slip systems containing the (100) and the (211) slip planes
was confirmed. However, the resolution of this technique is not suffi-
clent to detect tenslle stralns less than about 2 percent, so 1t was
necessary to use techniques with higher resolution to detect and to
follow the strain throughout the various stages of a prestrain experiment.
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The first of these techniques to be used was the "obligue Laue"
method. The experimental arrangement for this method 1s presented in
figure 4. An arrangement of two rectangular slits, each with one very
small dimension in the vertical direction, was used to limit the area
of the crystal to be photographed. Speclmens studied by this method
were crystals with a (100) plane nearly parallel to the crystal surface.
With the arrangement of figure U, each Laue spot from a perfect erystal
1s elongated into a stresk composed of a continucus-radiation spectrum
over the spectral range permitted by the geometrical divergence of +the
slits. With an imperfect crystal, the spectral band would be lengthened,
but the sensitlivity with respect to local orientation changes would not
be very high. To improve the sensitivity, the angle of incidence of the
X-ray beam upon the crystal was adjusted to superimpose the characteristic
L-beta spectrum, from the second order of the (100) plane, upon the
continuous-radiation streak. Different wavelengths are reflected from
different parts of the irradiated area of the crystal at thelr respective
Bragg angles. The abllity of the crystal to resolve the individusl lines
in the tungsten L-beta spectrum gives a good indicetion of the regularity
or perfection of the crystal lattlice in the small region beilng photo-
graphed. In this method e single reflection is studled in detail before
deformation, after prestraining, and then after a creep test.

The second method to be used was an X-ray reflection micrograph
method. The experimental arrangement for this technique is presented in
figure 5. Unfiltered copper radiation was employed. The crystal was
orlented with the aid of a portable Gelger tube, so that the K-alpha
wavelength was reflected by the (200) planes, which were spproximately
parallel to the crystel surface. A slit-formed beam, well collimated
in its short horizontel dimension, was reflected from the crystal.
Because of the large dlstance between the X-ray source and the slits,
gsome effective collimation was achleved in the long vertical dimensiom.
The photographic plate and the crystal were translated wlthout amy
relative motion between the two, in order that a larger erea of the
crystal could be examined. The translatlion extended the line imasge of
the beam, defined by the slits, into a band. If the crystal were perfect,
the band would be of uniform intensity. Any gross crystal ilmperfections
would result in intensity deficiencies in the Image. Hence, an X-ray
micrograph of the lattice distortion was obtained. The high resolution
of this method is a result of the large target-to-crystal distance
(31 centimeters), the short crystal-to-plate distance (approximately
1 to 2 millimeters), and the fine slits (reference 5). Exposures were
made on either lantern slide or Type V-0 photographic plates.

All exposures have been made with the X-ray tube operating at
10-milliampere current and a voltage of approximately 35 kilovolts.
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Electron-Mlcroscope Techniques

Present-day electron microscopes require specimens thin enough to
be permeable to an electron beam. Therefore, metal surfaces must be
studied by means of replicas. Anodic-oxide replicas can be made from
aluminum and aluminum alloys. The technique has been described by several
investigators (refs. 6 and 7). Anodic-oxide replicas were used In the
initial stages of this investigation. They were quite strong and held up
well in the electron beam. Some difficulty was experienced in obtaining
replicas of uniform thickness. Also, the replicas were quite likely to
be dirty. Neither of these factors is too serious if the samples are
easy to prepare, B0 that several sets of replicas can be prepared under
varying conditions of anodizatlon. However, it was not practicable to
prepare a large number of creep specimens for electron microscopy.
Therefore, a major portion of the effort in this investigatlon was devoted
to developing & replica technique which would not destroy the creep speci-
men, thus meking it possible to prepare several sets of replicas from one
specimen.

The practicabllity of a specific replica technique depends on the
nature of the surface to be replicated. The surface of the aluminum bars
had to be prepared so that fine structure in the slip bands after creep
could be observed. During most of the investigation electropolishing,
in & bath consisting of equal parts by volume of methanol alcohol and
concentrated nltric acid, followed by etching in a modified aqua regia
solution appeared to be the best surface preparation.

The polished specimen surface was protected against oxidation during
testing at elevated temperatures by one of two methods. One method was
to perform the test in vacuum; the second was to coat the specimen with
Dow Corning 710, a silicone oll. This was possible for temperatures up
to 5000 F or slightly higher. After testing, the oll could be dissolved
in xylene.

The replice techniques, other than the oxide replicas, involved
stripping s thick, plastic f1lm from the aluminum bar. If this initisl
plastic was Zapon, then a positive plastic replices could be made by
flowing Formvar on the surface of the Zapon. The Zapon was then dissolved
in amyl acetate, leaving the Formvar, insocluble in amyl acetate, in the
form of a positive replica. This technigue has been described in detail
elsewhere (refs. 8 and 9). However, these plastic replicgs did not hold
up well over the etch pits or over sharp corners in the slipped regionms.

A method for preparing multiple aluminum oxide replicas from a single
surface has been described by Hunter (ref. 10). He evaporated a thin film
of aluminum on a stripped plastic replica. He then formed an oxide layer
on the outer surface in an anodizing bath and dissolved away the aluminum
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and the plastic, leaving the oxilde replica. It was felt that, for the
purposes of this investigation, the surface of the alumlnum adjacent to
the plastic replica would have to be anodized. BSeveral methods for
separating the alumlinum film from the plastic and then anodizing the
immer surface were tried without much success. This technique is poten-
tially good if some method can be devised for separating the soft alumi-
nmm film intact from the plastic.

During the latter part of the investigation, the formula for Alcoa
R5 Bright Dip, a patented chemical polishing treatment licensed by
Aluminum Company of America, was obtained. This chemical polish was
followed by an etch of a few seconds' duration in a soclution containing
10 cubic centimeters of concentrated hydrochloric acid, 30 cubic centi-
meters of concentrated nitric acid, and 20 cubic centimeters of a 5-
percent ferric chloride solution to develop etch pits. The faces of
etch pits developed by this solution represent (100) planes. With this
surface preparation 1t was possible to meke replicas consisting of a
thin, evaporated, platinum fl1lm backed by an evaporated silica film,
These replicas held up quite well over the small etch pits developed by
the ferric chloride etch. As a result of the thinmmness of the platinum
film and the large scattering cross section of pletinum atoms for high-
energy electrons, the contrast was sufficlent to disclose fine structure
in the slip bands.

This platinum-replica technique was developed at Battelle. The
method was applied as follows: A strip of Faxfilm, wet on one side with
acetone, was pressed onto the aluminum bar and then stripped when dry.
Platinum was evaporated from two sources on opposite sides of the film
and inclined at 45° angles to the film. One source was about double the
strength of the other, to glve shadow contrast. Then silica was evapo-
rated at normel incidence. The platinum-silica-cogated plastic was cut
Intc small squares. The squares were placed on specimen screens, and
these, in turn, were placed on & coarse-mesh screen in a glass container.
Acetone was added barely to cover the coarse screen. After two or three
changes of solvent, the plastic was dissolved and the replicas were ready
for viewing in the microscope.

Faxfilm strippings have also been used to replicate the surfaces of
these round aluminum single crystals for light microscopy. This produces
a flat replica from a curved surface that ordinarily would be difficuli
to reproduce In a micrograph. The strippings can be used directly as
replicas, or they can be shadowed with metal for better contrast.
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EXPERIMENTAL RESULTS AND DISCUSSION

Stress-Strain Curve

Prior results (ref. 2) had shown that the critical resolved shear
stress at room temperature increased by almost an order of magnitude
when ‘the purity was decreased from 99.99T to 99.95 percent. Previous
work (ref. 3) had alsoc shown the stress-straln curve to be quite dependent
on the test temperature. Therefore, stress-strain curves were determined
in constant-load-rate tests at 82°, 500°, and 1,100° F for each of two
purities, 99.99% and 99.95 percent aluminum. These stress-strain curves
were determined primerily to compare the effect of temperature and the
effect of impurity content on the plastic propertiles of single crystals
of aluminum over the range of temperature of interest. These stress-
strain curves are presented in figure 6, along with two curves reported
by Boas and Schmid (ref. 11) at temperatures of 64° and 1,112° F for
aluminum single crystals of 99.63-percent purity containing predominantly
0.23% percent iron and 0.lh percent silicon.

The data (stress o versus strain ¢) from these tests were con-
verted to shear stress T and shear strain vy and corrected for the
rotation of the slip direction toward the tension axls during extension.
For values of tensile strain less than 1 percent, the resolved shear
stress 1s given within 1 percent by the equation:

T =0 cos § cos A (1)

With larger strains the resolved shear stress varles durlng extension
according to the following equation (ref. L):

5 1/2
T = 0 COB ¢Q"—T'Hén ) (2)

For tensile gtralns of 1 percent or less the resolved shear strain is
given within 1 percent by the relstion:

y = ¢/cos @ cos A (3)

For larger strains the resolved shear strain is alsc affected by the
lattice rotation. The shear strain has been described analytically in
terms of the original orlentation and the tensile strain (d = 1 + ) by
Schmid and Boas (ref. 12) with the relation:

v = coi (d2 - sin2)>l/2

- CcOo8 A (%)
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A decrease in purity from 99.99F to 99.95 percent has caused an
increase in the stress required to produce a given strain. Thls Iincrease
in stress varies from epproximately 40 to 85 percent for the curve at
82° F over the range of shear strain from 0.04 to 0.20. For the two
curves at 500° F over a similar range of strains, the increase variles
from 150 to 80 percent. For the two curves at 1,100° F, the increase
varies from 50 percent to almost O percent over the same range of strains.

Concerning the megnitude of this inecrease produced by a small de-
crease in purity, the increase is gquite important at 82° F and 500° F
but becomes almost insignificant at 1,100° F. The effect of a still
further decrease in purity to 99.63 percent 1s demonstrated by the curves
reported by Boas and Schmid at 640 F and 1,1120 F. Although the increase
in the stress level at 64O F is appreclable, the Important fact is that
the stress level has been raised considerazbly at 1,112° F. Although not
readily epparent from these curves, there 1s a large effect of the
impurity content on the yleld stress or the critical resolved shear
stress, that i1s, the stress that marks the initistion of plastic defor-
metion.

To observe the effect of temperature on the stress-strain curve,
one need only to plck out the curves designated by the same type of line.
When these data were plotted on logarithmic paper, a fairly linear range
exlisted 1n the plots over the range of strains from 0.05 to 0.20 or more.
The slopes of these curves are referred to ordinarily as the strain-
hardening coefficlents. Although the slopes decreased with increasing
temperature for the 99.95-percent-pure crystals, no simllar trend was
apparent in the case of the §9.99"-percent-pure crystals. Therefore,
no comparison of the effect of Ilmpurities on the stralin~hardening
coefficlent as a function of temperature could be made.

These tests have been extremely useful in obtailning Information on
the flow stress required to produce a given strain in these aluminum
single crystals at various temperatures. They have also glven a good
indicatlon of the effect of alloying elements on the mechanical prop-~
erties that might be expected with small amounts of alloying edditions
in elevated-temperature tests.

Because the processes or mechanisms of slip, kinking, and polygoni-
zatlon are present in the total deformation process, it is felt that the
effects of temperature and impurity content on the stress-straln curve
are releted directly to the manner in which these two varlables affect
the movement and generation of dislocations. However, this relationship
is probebly not a simple one. In this respect, Cottrell has dilscussed
the effect of solute atoms on the behavior of dislocations {ref. 13).
The primary effect of the solute or Impurity atoms is to retard the
movement of dislocations through the interaction of the stress fields
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assoclated with the solute atoms and the dislocations. An Increase in
temperature enhances the deformation process by increasing the internal
thermal energy and thermal fluctuations, increasing the amplitude of
vibration of the atoms, and decreassing the bonding energy between atoms.
This eventually results in propagetion of sllp on planes other than the
close-packed octahedral planes at elevated temperatures.

Work-hardening was first attrlibuted to the interaction of dislo-
cations by Taylor (ref. 1k), who pointed out that dislocatlons exert
forces on one ancther. Koehler has dilscussed the nature of work-hardening
on the basis of interaction-hardening (ref. 15), which predominates at
high strains, and on the basis of source-~hardening (ref. 16), which pre-
dominates at low strains. The sources referred to are the so-called
Frank-Read sources (ref. 17), which have been postulated by Frank and
Read to explein the multiplication of dislocations during plastic
deformation and to account for the occurrence of avalanches of slip on
one plane, These sources are stopped when some dislocations become
blocked at barrlers and a back stress bullds up.

In general, the initiation of plastlc deformation is better under-
stood than these later states of deformation involving work~hardening.
The yield phencmenon in single-crystal and polycrystalline metals has
been discussed by Cottrell (ref. 18). BHe attributed the yileld point to
the release of anchored dislocations. This takes place when the sum-
mation of the external or applied stress and any internal stresses,
enhanced by thermal fluctuatlons, is sufficient to free the first
anchored dislocations. Plastic deformation is not observed until these
moving dislocations recelve enough energy to surmount the barriers
presented by the mosalc boundaries and other obstacles present in the
metal, Iin order that slip can propagate through the bulk of the metal.

Creep Curve

The data from the constant-stress creep tests at elevated tempera-~
tures are presented in linesr-coordinate plots of total shear strain
versus time in figures 7 through 10. These data are presented in a
sumnarized form in logarithmic plots in figure 11. Crystals used in _
these tests were specimens which contalned a single crystal throughout
the entire 3-inch reduced section. They had no favorebly oriented high-
temperature slip systems which might operate at the temperature of the
test. This was necessary so that the operative slip system would be
the one containing the (111) plaene and the [110] direction with the
highest resolved shear stress. By determining the operative slip
system prior to testing, the correct profile could be chosen to main-
tain an approximately constant resolved shear stress throughout the
test. The tenslle stralns have been converted to shear strains by
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equation (3) for the strain-time plots presented. The creep curves have
all been drawn on the same scale for easier visual comparison of the
curves 1n various figures.

Prior to performing these elevated-temperature tests, 1t was neces-
sary to determine whether an oxide layer might affect the relisbility of
the creep measurements. An oxide layer was formed on one crystal by
anodizing at 70 volts and on another by annealing in air for 1 hour at
1,000° F. 1In neither case was any sppreciable effect observed on the
creep properties of these high-purity single crystals when tested at
300° F and 400-psi resolved shear stress. However, the result might be
expected with single-crystal specimens 1/2 inch in diameter, since most
experiments designed to study the effect of oxlde layers employ much
smaller specimens. In smaller specimens the cross-sectional area of the
oxide layer itself may be an appreciable fraction of the cross-sectlional
area of the speclmen. Because of this result, 1t was not considered
necessary to build vacuum-creep units to obtain reliable creep data at
elevated temperatures.

The effect of the impurity content on the plastic properties, as
detected in the stress-strain curves, has been checked also on the creep
curve from two specimens deformed in vacuum at 500° F for electron-
microscopy observations., Specimen S-20 extended 12.4 percent in 25 hours
at 300-psi resolved shear stress, as compared with a resolved shear stress
of 970 psi (more than three times as large) which was necessary to extend
crystal L-12 12.4 percent in 17 hours, both in constant-load creep tests.

The maximum strain for the highest stress at each temperature in the
constent-stress tests has been limited by the range over which the profiles
were designed to maintain a constant resolved shear stress. The range of
temperatures investigated was from LOOC to 9000 F. In this range of tem~
peratures recovery was definitely an important factor, although recrystal-
lization was not observed, probably because the crystals were not
sufficlently highly deformed.

Creep curves for three stresses at 500° F are shown in figure 7.
These curves are similar to those obtained In the temperature range
from room temperature to 4000 F (ref. 3). They exhibit a continuelly
decreasing slope. Although the slope appears to reach a constant value,
which might be termed the steady-state or minimum creep rate, the magni-
tude of this slope depends on the time scale chosen. This can be dem~
onstrated by plotting the data on two time scales, one in unlts of
seconds and the other in units of hours. Both plots will tend toward
an epproximately constant slope. However, the magnitudes of the slopes
from the two time scales differ considerably, the slope from the plot
with the second scale belng approximately equal to the initial slope of
the curve on the hour scale. This characterlstic type of creep curve
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was observed also at the lowest stress, 50 psi, at TOO® F (see fig. 8)
and at 400 psi at 400C F (see fig. 10). A creep rate that continually
decreages may be detected by plotting the creep curve logarithmically,
es in figure 11. On such a plot, the slope of the line will be less
than unity and will never increase, although a decrease in slope is
possible. This type of curve, exhibiting a continually decreaging
creep rete, has been observed also by Hazlett and Perker (ref. 19).

The remainder of the constant-stress creep curves from figures 8,
9, and 10 appear in figure 11 as curves which are convex downward,
rather than stralght lines. The reason for this curved plot has been
the polnt of considerable controversy, as evidenced by the recent
discussion by Roberts and Grant of Hazlett and Parker's ideas (ref. 19).
References have been quoted to back up both viewpoints. The viewpoint
of Hazlett and Parker has been supported by the results of an inde-
pendent investigation by Bhattacharya, Congreve, and Thompson (ref. 20).
Iikewise, Roberts is backed up by the bulk of the work by Andrade
(ref. 21) and the more recent work of Cottrell =snd Aytekin (ref. L4).

Hazlett and Parker preferred to interpret this curvature to be a
result of the time-independent strain occurring in the initial extension.
They claimed that the initial extension should be subtracted from the
total strain prior to plotting the data, in which case the logarithmic
plot agein assumed 1ts linearity. This assumption appears to be reason-
able since one would not expect that the initial extension would follow
e relation involving the time. This method of plotting was tried on the
data from several of the constant-stress creep tests in this investigation
without complete success. An amount of straln usually could be found
which, if subtracted from the total strain, would result in a linear
logaritimic plot. However, this amount of strain wes generally larger
than the observed initial shear strain in the creep tests. This was
egpecially true at the higher temperatures. Since much lower stresses
had to be used at the higher temperatures to obtain comparable curves,
the initial shear strains were correspondingly less. Hence, 1f the
observed Initiasl shear strain was subtracted from the total shear strain
prior to plotting, many of the curves were still convex downward. The
amount of curvature is more than can be accounted for by the fact that
the shear strains were not corrected for rotation by equation (4).
Therefore, unless the stress was not truly constant, it appears that the
curvature in some of these logarithmic plots must be due to a decrease
in the rate at which the creep rate is decreasing, 1f not to an approxi-
mately constant creep rate. - i o

Concerning the characteristic creep curves presented in figure 11,
some generalizatlons can be made. The linear plots are predominant st
high stresses and 16w temperatures, whereas the plots which are convex
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downward are predominant at lower stresses and higher temperatures.

These results are in agreement with the recent work of Roberts (ref. 22),
who studied the creep behavior of extruded electrolytic magnesium in poly-
crystalline form. The two curves which are convex upward (100-psi
resolved shear stress at 500° F and 50-psi resolved shear stress at

700° F) are, in both cases, for the lowest stress investigated at each
temperature. The lowering of the first portion of the curve may have
resulted from a small amount of accidental prestraining prior to testing.
However, thils straln should have been annealed out before the load was
applied. On the other hand, the lowering of the later portion of the
curve may have resulted from the onset of duplex slip, which is known to
retard the creep process (ref. 3). In this investigation duplex slip has
also been observed on a fine scale in the slip bands on crystals deformed
during creep at elevated temperatures. It might also have resulted from
the retarding effect of kink bands on the slip process, since s81ip bands
have been observed to stop in the kink bands in this Iinvestigation. In
the 900° F tests, the 25-psi and 40-psi tests were performed with the
same crystal. This crystal was annealed for 1/2 hour at 900° F with the
load removed after a shear strain of less than 1 percent in the 25-psi
test.

Many investigators have employed various methods for anslyzing and
correlating creep data in empirical or mathematical forms in addition to
those already.mentioned. Wyatt (ref. 23) has analyzed transient creep
in pure metals, and Cottrell (ref. 24) had discussed several of the time
laws of creep. Sherby and Dorn (ref. 25) have correlated the creep data
from alpha solid solutions of aluminum, and Johnson and Frost (refs. 26
and 27) have discussed the application of various relations to creep data
from elevated-temperature tests. Most of these methods employ more than
one empirical constant, and usually three constants, to describe the time
dependence of the creep process. The few theoretical attempts to describe
creep have been discussed in references 1 and 3.

In the work reported here 1t has not been possible to describe
accurately the time dependence of the results of the constant-stress
creep tests sumarized in figure 11 in a simple manner. Therefore, a
complete mathematical analysis of the stress and temperature dependences
of the creep process has not been obtalned. It is felt that these resulis
are Indicative of the complex nature and the differing kinetlics of the
procesgses which make up the total deformatlon process, even In the case
of creep of single crystals of high-purity aluminum. From a study of the
inhomogeneity in creep deformation of coarse-grained high-purity aluminum,
Cheng and Grant (ref. 28) have concluded that any mathematical description
of the creep curve must be considered to be a statlstical summation of
the equations describing the varlous component processes of creep. Since
three mechanisms of deformation have been observed in this investigation,
it 1s felt that the description and understanding of these basic mech-
anisms are more important than developing an empirical relationship which



18 NACA TN 3351

may describe the creep process mathematically without any physical in-
gight regarding the creep process 1tself. Naturally, both would be
desirable if they could be obtained.

Prestraein Experiments

Relatively little work has been reported on the effect of prestrain
on creep, or, for that matter, any other type of plastic deformation.
Probably the most complete investigation of this type has been reported
by Kennedy (ref. 29), who studled the effect of instantaneous prestraining
(of the order of 5 seconds) on constant-stress creep in polycrystalline
lead. He investigated the effect of prestrains from O to 16 percent at
temperatures of 100° C, 35° C, and -180° C on the creep curve at room
temperature at three stress levels out to a total time of 3 hours. He
fitted the resulting deta to Andrede's law, involving two arbitrary
constants B and k, by shifting the time scale of the strain-time
plot. In this work he found thet the amount the time scale had to be
shifted increased with 1ncreasing amounts of prestrain and decreased
with increasing temperature of the prestrain. For prestrains up to
10 percent the creep curve from a prestrained specimen could be made to
coincide with the curve from an unstrained or control specimen by this
shift in the time scale. However, for prestrains larger than 10 percent
a decrease in one of the arbitrary constants k was necessary.

Bhattacharya and coworkers (ref. 20) have studied the effect of prior
strain on creep of polycrystalline aluminum at 150° C under a constant
tensile stress. As mentioned previously, they found that the creep strain
(the total strain minus the initisl strain upon loading) followed a power-
law relationship with time, defined by two constants, a coefflclent a
and an exponent k for the time parameter. In a rather sketchy analysis,
they found that the constant k 1ncreased and the constant & divided by
the seventh power of the applied stress decreased with increasing prestrain
out to 6 percent and that both were approximately constant with larger
amounts of prestrain. The constant a was divided by the seventh power
of the applied stress since the stress had to be raised to obtain similar
rates of creep as the degree of prestrain was increased. The only points
that the authors noted concerning these results were that the power-law
relationship still exlsted for the prestrained specimens and that very
small amounts of prior straln could well account for the unsatisfactory
reproducibility often observed in the creep behavior of pure metals.

Other viewpoints have also been expressed on the effect of strain
rate and temperature on plestlic deformation. Brown (ref. 30) attempted
to describe qualitatively an equatlon of state to explaln the effects
of a change in the temperature or in the strain rate during s tensile
test; that is, a faster strain rate or a lower test temperature produced
e higher stress-straln curve. Rosi and Mathewson (ref. 31) observed this
effect of changing the temperature on the stress-strain curve of single

o
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crystals of high-purity eluminum at low strains up to l-percent extension.
Ellis and Greiner (ref. 32) found that the effect of decreasing the
rolling tempersture was to raise the stress-strain curve (i.e., increased
flow strength end ultimate strength) at room temperature. They con-
cluded that this observed effect was caused by simultaneous recovery
during the roliing operation.

Following this brief review of the limited amount of material
available on the effect of prestraining, the results of this investi-
gation, presented in figures 12 through 16, will now be discussed. The
effects of prestraining to the same shear strain by a very rapld strain
rate and by a comparatively slower straln rate on the room-temperature
stress-strain curve are depicted in figure 12, along with the stress-
strailn curve from a control, or unstrained, specimen. The amount and the
path of the prestrain have been included in both plots, so that the total
shear strain and the resolved shear stress could be corrected for rotation.
The two crystals that were prestrained had almost identiecal orientations.
5till, only about two-thirds of the stress required in the rapid pre-
straining by dead-weight loading wes required to produce the same shear
strain In the slow prestraining in s constant-load-rate test. It was
perhaps significant that no strain was detected in the subsequent
constant-load-rate tests below the stress level to which the crystals
had been prestrained. Therefore, no appreciable recovery had taken place
at room tempersture during the period of spproximestely 24 hours which
elepsed between the time the crystals were prestrained and the time the
stress-strain curves were obtained. The most important consequence of
the prestreining was to increase the yield stress of the crystals. For
comparable amounts of shear strein the rapld prestraining was more ef-
fective than the slow prestralning in raising the stress-straln curve.

The effect of inecreasing the amount of rapld prestraining at room
temperature on the creep curve at 200° F and 400-psi resolved shear stress
1s shown in figure 13. The prestraining decreased the initial shear strain
substantially. However, at this temperature strain-hardening was very
predominent. Therefore, it was difficult to determine the effect of
the prestraining on the later steges of creep, since the creep rate
decreased rapildly even in the unstrained control specimen. An increase
in the amount of the prestrain increased the observed effect; that is,
the decrease in the initial shéar straln and the lowering of the creep
curve were more pronounced. In these and subsequent curves the amount
of the prestrain has not been included in the totel shear strain.

The result of varylng the temperature of the rapid prestraining and
its effect on the creep curve at 300° F and 300-psi resolved shear stress
are presented in figure 14%. Increasing the temperature of the prestraining
from room temperature to the testing temperature reduced the effect of
the prestrain considerably. The effect of the prestraining at the
elevated temperature was less for a larger smount of prestrain, although
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the stress required to produce thls larger straln was slightly lower.
Ageln, the primary effect of the prestraln was to reduce the initial
shear straln and to lower the total shear strain and the level of the
creep curve.

The effects of both rapld and slow prestraining at room temperature
on the creep curve at 300° F and L400-psl resolved shear stress are shown
in figure 15, slong with a control curve from an unstrained crystal.
Similar plots for both types of prestralning performed at 3000 F to a
larger shear strain are presented in figure 16. In addition to reducing
the inltial shear strain, the creep rate 1n the later stages of the creep
process also was reduced. In prestraining at 300° F, the faster strain
rate was more effectlve In enhancing the creep resistance of the single
crystals. Although this trend was also observed iIn the stress-strain
curves (see fig. 12), it was not observed with the room-temperature
prestralning in figure 15. This may have resulted from some accidental
prestraining of the crystal, S-94, in addition to the intentional slow
prestraining. The crystals were extremely soft, and this particular
crystal had to be handled more than most because of the X-ray pictures
taken before and after prestraining and after the subsequent creep test.

Although not wilthout exception, the effect of prior strain on the
creep curve can be described. As determined In this investigation, the
effect of prestralning is to reduce the I1nitial shear strain conslderably,
to remove & portion of the early or translent portion of the creep curve,
and, in some instances, to reduce the creep rate in the later stage of
creep. The larger the amount of the prestrain, the more the shape of the
creep curve 1s affected, Also, increasing the temperature of the pre-
strain reduces its influence on the creep process. The most Important
observation that has been made is that the rapld prestraining obtalned
in dead-welght loading 1s more effective in hardening the crystals
and increasing their resistance to plastic deformation than the slower
prestraining obtained in & constant-load-rate method of deformation.
Since the resolved shear stress required to produce the same shear strain
is higher for the rapid prestraining than for the slower prestraining,
dislocation theory provides a reasonable explanation for thls behavior.
The higher stress level involved in the rapid prestraining has used up
more of the Frank-Read sources than were present in the crystal initially.
The stress required to operate a Frank-Read source is Gb/Z, where G
is the shear modulus, b 1is the Burgers vector or unit slip distance
in the slip direction, and 1 1s the length of the source (ref. 33).
Thus, the longest sources operate at the lowest stress level., Since a
larger applied stress is required in the rapid prestraining to produce
the same shear strain as that produced with the relatively slower
prestraining, the sources would be effectively used up to a higher stress
level by the rapid prestraining. The resulting increases in hardening
of the crystals can be attributed to socurce-hardening, as defined by
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Koehler (ref. 16) in his analysis of stress-strain data at low strains.

The concept that more Frank-Read sources and, hence, more active
slip planes are operative with the faster strain rate 1s consistent
wilth the fact that the deformation 1s more uniform with the faster strain
rate. Thls same observation has been made on crystals deformed at two
relatively different strain rates at 1,100© F. Hence, the process of
slip-band formation is related directly to the strain rate. This will be
discussed further in a later sectlon covering the observations of slip
bands by light microscopy.

The sbove description of the effect of prestraining on the creep
behavior of single crystals of aluminum has been stated in terms of
trends purposely because of the difficulty encountered in obtaining
reproducible results. This difficulty is due in part to the almost
unavoidable amount of acecidental prestraining which occurs during
handling of these soft crystels, In part to the fact that the crystals
do not have ldentical orientatloms, and in part to the inherent micro-
scopic differences in the single crystals even in the annealed state.
Regarding the latter cause, Parker and coworkers (ref. 34) have found
that the yleld stresses of zinc single crystals with identical orien-
tatlons can be more than doubled by varying the anneeling procedure
prior to testing. They associate this result with the effect of sub-
boundaries existing in the zinc crystals. The status of these sub-
boundaries, which apparently can be changed by the annealing procedure,
must play an lmportant part in determining the plastic properties of
metals. A fine substructure of the order of 1 micron In linear dimensions
has been detected in this investigation in the annealed aluminum single
crystals. Therefore, it is apparent that the effect of annealing
procedure and deformation of this substructure willl have to be understood
before further experiments on the effect of prestraining are undertaken.

X-Ray Diffraction Investigation

High-resolution X-ray diffraction techniques have been employed to
obtain an indication of crystal perfection and to study the changes
produced in the crystalline lattice by small amounts of prestralning
and by subsequent deformation in creep. Since the oblique Laue technique
was not a conventional one, photographs have been made by three methods
from a crystal found to be imperfect after the growth process. The
Imperfect nature of the crystal was noticed first in the normal back-
reflection Laue photograph in figure 17(a) used for the determination
of the crystal orientation. This photograph was made wlth the standard
specimen-to-film distance of 3 centimeters and ordipary pinhole collimators
with continuous tungsten radiation. When the large pinhole collimators
were replaced by a collimating system consisting of a fine pinhole
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(150 microns in diameter) and a fine slit (3 millimeters by 150 microns),
the photograph shown in figure 17(b) was obtained. The use of the fine
collimators increased the resolution and the detall observable in the
individual reflections, although with the considerable increase in the
required exposure time from 10 minutes to 12 hours.

A sti1ll further Ilncrease in resolution was obtained by observing the
reflection of the tungsten L-beta spectrum of a single crystallographic
plane with an increased specimen-to-film distance and the collimsting
arrangement for oblique Laue photographs, as shown in figure 4. A photo-
graph of thils type for the (200) planes of this same imperfect crystal
is shown 1n figure 17(0), and a comparison photograph of a relstively
perfect single crystal, in figure 17(d). The imperfect crystal exhibited
fairly large differences in orientation in both the vertical and the
horizontal directions 1n the area photographed, in addition to not belng
able to resolve the tungsten L-beta spectrum. However, the relatively
perfect crystal, S-13, definitely resolved the individusl lines in the
tungsten L-beta spectrum. From a comparison of the photographs obtained
in the three methods of photographing an imperfect crystal made up of
regions of different orientations, one can visuallze better what has
teken place in deformed crystals which were originally relatively perfect,
ag indicated by an oblique Laue photograph such as that shown in

figure 17(d).

The theory of this obligque Laue method has been mentioned already
under "Experimental Procedure." If the sample is a perfect crystal and
is alined properly, all the various tungsten L-beta wavelengths will be
reflected from the same family of crystallographic planes, but at dif-
ferent positions along the length of the crystel. These characteristic
reflectlions will strike the film at known consecutlve positions along
the fiim. As a matter of fact, from the relative intensities and the
separations in the photogreph in figure l?(d), the various reflections
can be identified as the L-beta-4, L-beta-6, L-beta-l, L-beta-3, and
L-beta-2 wavelengths, respectively, from left to right. If a fine-grained
polycrystalline sample were to be examined, each wavelength would reflect
continuously over a considerable portion of the reflection band. OCn the
other hand, if the crystal were composed of crystallites having smell
disorientations from the average, not all the rays of any one wavelength
would strike at the same positlon along the band. Hence, the relative
intensities of the spots would be different from those of a perfect
crystal, and the spots might not appear at the correct positions. The
amount of disturbance of the oblique lLaue photograph from the ideal
condition yilelds a qualitative measure of the imperfections In the
area photographed. The interpretation of asterism as being due to
distortion or internal lattice strains and of discrete spots as beilng
due to different orientations is the same as 1in normal back-reflection
Laue photographs.
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A series of oblique Laue photographs was taken from crystal S5-5,
initially, after repid prestraining, and after a creep test at 3000 F
and 400-psi resolved shear stress. These photographs, shown in fig-
ures 18(a), 18(b), and 18(c), show the decreasing abllity of the crystal
to resolve the different wavelengths after successive deformations. A
decrease in reflected intensity 1s also apparent from a consideration of
exposure times. Figure 18(b), taken after prestraining, shows considerable
distortion of the original pattern, although no discrete spots were found.
This indicates that the lattice was strained, but no new crystallites had
formed that could be detected. No difference in thils reflection (i.e.,
no recovery) could be detected in a second photograph after 72 hours at
room temperature. Figure 18(c) shows very definitely the presence of many
small crystallites, or the formation of a substructure. However, this
crystal was found to be bent slightly during the course of this seriles
of photographs and extensions. In addition, the failure of a temperature
controller overnight allowed the test temperature to lncrease from 300°
to 575° F, and the crystal extended until the weight pan came to rest on
the jJack used in losding, after which the crystal remained at temperature
with essentially no applied stress. Because of these varying conditions,
another experiment was performed.

To increase the resolution of the arrangement shown in figure 4, the
150-micron slit was replaced by & 150-micron pinhole. Thils necessitated
an increase in exposure times by a factor of 10 but increased the sharp-
ness of the reflections. A similar series of photographs was then made
on crystal S-8, initially, after a rapid prestraining, and after a creep
test at 3000 F and L400-psi resolved shear stress. The resolution of this
set of photographs, shown in figures 18(d), 18(e), and 18(f), was better,
but the results are essentlally the same. The initial status of the
crystal was very good, as evidenced by the resolution of the flve lines
in the tungsten L-beta spectrum. The apparent difference in the lengths
of the tungsten L-beta spectrum, as shown in figure 17(d) and figure 18(d),
was & result of the fact that the crystal surfaces were at different
angles with the incident beam. Again, the prestraining introduced con-
siderable distortion, as evidenced by the broadening of the characteristic
reflections, but no new orientations were detected. After the subsequent
creep test, many discrete spots were evident. However, the discrete
reflections were larger than those obtalned from crystel S-5 afier creep.
It appeared that scme of the crystallites may have been large enough to
reflect all or at least parts of the characteristic tungsten radiation
from the L-beta spectrum.

The second high-resolution X-ray technigue employed to detect and
to follow the strain throughout the course of & prestrain experiment was
the reflection-micrograph method. The experimental arrangement for this
method is presented in figure 5. Although the method ltself has been
described by Honeycombe (ref. 5), the translational osclllstion of the
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film and the specimen to lncrease the area under observation with this
technique is believed to be new. However, this method does increase the
exposure time considerably above that required with a stationary specimen.
If a single crystal is properly oriented in this beam, a reflection of
characteristic radiation will be obtained. Areas of elther great or
small disorientation in the crystal will not reflect. If the reflection
is a low-order reflection, differences in Intensity in the reflection
may occur as a result of differences in extinction over the irradiated
surface of the crystal. However, extinction would not be expected to
produce sharp discontinuities in intensity. If the crystal is oriented
so a8 to reflect the continuous radlation, differences in extinction may
be observed, but small disorientations will not be observed.

The X-ray micrographs obtained from crystal S-94 initially, after a
slow prestrain at room temperature, and after a creep test at 300° F and
400-psi resolved shear stress are presented in figure 19. The specimen
wasg cross scratched to mark the aree to be irradlated. The Vvertical and
possibly the horilzontal scratches can be seen in figure l9(a), wheresas
the horizontal scratch shows up well in figure l9Eb). The original
micrograph of the crystal before any deformation (fig. 19(a)) showed no
extra detall when examined at 100X. The continuous varlations in in-
tensity can be interpreted as differences in extinction. However, an
attempt to correlate these variations with optlcally spparent irregu-
larities In the electropolished surface of the crystal was not successful.
In figure 19(b), a micrograph of the specimen after prestraining, the
reflection was still largely characteristic radiation. However, this
figure shows large areas where the (200) reflecting planes have rotated
relative to other portions of the crystal sc that no characteristic
reflection was possible. Traces of kink bands, which were quite apparent
after the creep test, appear to run dlagonally up and to the right in
figure 19(b). Therefore, the rotation observed in figure 19(b) can be
attributed to the early onset of kinking. After the creep test the lattice
was so distorted that one of the entrance slits had to be removed to get
an exposure in a reasonable length of time. Hence, the helight of the
micrograph was increased slightly in addition to the Increase in the hori-
zontal scanning which resulted from an increased translation. In all
cases these mlecrograephs appear to be approximately twlce as large as
calculated from the translation and the magnification. The micrograph
given as figure 19(c) shows considerable fine structure parallel to the
slip lines in the reflections when viewed at 100X. Very little of the
material in the irradlated area has been left intact to reflect the
characterigstic radiation because of the manner in which the crystal lattice
has been broken up.

The manner in which the lattice bresks up during deformation has
developed recently Into a highly controversial issue. Wood and his
English coworkers (refs. 35, 36, 37, 38, and 39) have supported a
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fragmentation theory, according to which the lattice breaks up lmmediately
into subgrailns in order to allow deformation to teke place along the
subgrains or crystallite boundaeries. The size of the subgrains formed

in a polycrystalline material was found to be & function of the strain
rate and the temperature. On the other hand, numerous other workers,
including Cahn (refs. 40 and 41), Greenough and Smith (refs. 42 and 43),
and Servi, Norton, and Grant (ref. 44), have concluded from similar
experiments that the breskup of the crystalline lasttice was a two-stage
process In which plastic bendlng of the lattice planes was followed by
polygonization. Polygonization 1s the process by which plastically bent
and distorted regions can form a network of smaller reglons which are
relstively free of internal strains and which exhibit slight differences
in orlentation from one small region to the next. The plastic bending
of the lattice produces an excess of dislocations of one sign. Then,

at suitable temperatures, the stress-induced movement of the dislocations
causes the dislocations to migrate along slip planes and to collect in
localized regions to form an array of low-angle boundaries. Simul-
taneously, the segments of the lattlice between the boundaries lose their
curvature and elastic strain.

In g recent paper Gervais, Norton, and Grant (ref. 45) observed both
types of subgraln formation. They found that the lmmediate fragmentation
did teke place in kinking but that most of the subgraln boundaries were
formed by polyganlzation. They found little evidence of the flow along
the subgrain boundaries predicted by Wood and his coworkers, but con-
giderable rotation was observed to take place. In an investigation of
the creep processes in coarse-grained sluminum (refs. 46, 47, and L48)
McLean studied the formation of subgrains by using light microscopy and
X-ray techniques. He observed no subboundaries during primary creep.
Diffuse X-ray spots did not split into discrete spots until secondary creep
had set in. From then on, the subgrain size decreaged with increasing
extension, being detected first near the grain boundaries and later in
the interior of the grains. The dlsorientation of the subgrains also
increased with extension. These disorientations were considerably larger
than predicted by the observed subboundary movements. From this evidence
McLean proposed a model in which the polygonization of the lattice into
a substructure results in an observed extension. With this interpretation,
polygonization, which contributes to the total deformation, can be termed
a mechanism of deformation.

The X-ray work performed in this investigation, particularly the
oblique Laue photographs, lends support to the views expressed by the
second group of workers that the substructure 1s formed in a two-stage
process. The oblique Laue photographs in figure 18 showed distortion
of the lattlice without any substructure formation after prestraining
to a low extension at room temperature. The photographs taken after a
creep test showed that s definite substructure had been formed during
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creep. The reflection micrographs in figure 19 alsc 1indicated con-
giderable rotation aefter the prestraining, but no fine substructure was
detected until after the creep test. This evidence for a two-stage
process in the formation of a substructure and the large rotations
observed support Mclean's conclusion that polygonization was definitely
a mechanism of deformation, rather than a result of the deformatilon.

Operative Slip Systems at Elevated Temperatures

The operation of additional slip systems, especlally at elevated
temperatures, has been discussed by Chalmers and Martius (ref. 49) on
the basis of the energy of dislocations and their associated slip pianes.
The slip direction is the most closely packed direction. This corresponds
to the movement of those dislocations with the shortest possible Burgers
vector, that is, the shortest unit slip distance in the slip direction
necessary to bring the crystal lattice back into registry. For face-
centered~cubic metals, such as aluminum, this direction is a [110]

direction, and the unit slip distance is a/(2)l/2, where & 1s the
lattice parameter.

The energy of a dislocation must also depend on which slip plane is
involved. Otherwise, any plane containing a [110] direction might operate
st any temperature. Chalmers and Mertius have taken this dependence to
be a function of the shear strain, with the dislocations of lowest energy
producing the lowest shear strain in a unlt slip process. The shortest
distances to the next parallel planes for the (111), (100), and (211)

planes are a/(3)l/2, a2, =and a/2(6)l/2, respectively. The tangents
of the angles of shear for the unit slip process are 1.225, 1.41k4, and
3.46L, respectively, for these three planes with their associated [110]
slip directions.

At room temperature only the (111) [110] slip system has been ob-
served. However, as the temperature of deformation is increased, other
systems have been observed to operate. In the cases reported, the
systems reported have been ones which have a low value of shear strain
for the unit slip process. Boas and Schmid (ref. 50) have observed glip
in the (100) plene in a [110] direction in single crystals of aluminum
at 4500 C. More recently, Servi, Norton, and Grant (ref. 44) have shown
that additionsl slip systems became operatlve durlng creep of high-purlty
coarse-grained aluminum at elevated temperatures. They found that the
operative slip plane might be either am€100) plane or a (211) plane, in
eddition to the customary closed-packed (111) plane. In all cases the
associated slip direction was one of the {110] close-packed directions
located in the slip plane. However, the stress systems in polycrystalline
materials are often quite complex.
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With single-crystal specimens of known orientations it was possible
to determine the effect of temperature on the operative slip system.
Twenty-two crystaels were deformed at temperatures from 300° to 1,100° F.
A1l but one were deformed in constant-load creep tests, and 19 had one
or more high~temperature slip systems containing a (100), (211), (311),
or (110) plane, at least one of which was oriented more favorably than
the most favorable system containing & (111) slip plsne. Therefore,
the resolved shear stress, or the value of cos § cos A which deter-
mines the fractlon of the applied tensile stress which was resolved in
the slip plane in the slip direction, was higher for a system containing
one of the four high-temperature slip systems than for any system con-
taining an octahedral slip plane. The pertinent data on these tests,
presented in table 3, include the conditions of the test, the type of
the primary operative slip plane and its orientation factor cos 525 COB A,
and the ratio of the resolved sheer stress in the most favorsbly orlented
high-temperature slip system to that in the most favorably oriented
low-temperature slip system.

The results are presented graphically in figure 20. The retio of
the resolved shear stress on the favorably oriented high-temperature
slip system, containing a (211), (100), (311), or (110) slip plane, to
that on the most favorably oriented octahedral slip system has been
plotted for each test temperature. To the left of the stralght line,
the slip plane was always an octahedral plane. To the right of the
line, the slip plane was one of the four observed planes ((211), (100),
(311), or (110)) in the system on which the resolved shear stress was
the highest. The boundary line delinesting oectahedral slip from high
temperature slip slopes down to the right from the lowest test temperature,
3000 ¥, where a high-temperature slip system must be favored by approxi-
mately 4O percent %o operate, to the point where a high-temperature slip
system will operate at 900° F if it is equally favored or slightly more
so. Because of the 12 slip systems containing a (111) plane and a [110]
direction, one must be favored to some extent. Therefore, it is not
possible to obtain crystals with high-temperature slip systems that are
favored by more than 50 to 55 percent over the most favorably oriented
octahedral slip system. The occurrence of slip on the (311) slip plane
has been observed above 300° F; on the (100), sbove 500° F; on the (e11),
above 700° F; and on the (110) (one specimeni, only at 1,000° F.

The onset of slip on these four high-temperature slip systems in
aluminum demonstrates the increasée in the ease of plastic deformation
with the increase in the temperature at which the deformation takes place.
As the temperature increases, the amplitude of vibration and the thermal
energy of the atoms increase until the conditlon stated by Chalmers and
Martius for the operative slip plane no longer holds. Then slip planes
having slightly higher values of shear strain for the unit slip distance
can operate also if they are oriented more favorably for slip than the
most favorable system exhibiting the lowest value of shear strain for
s unit slip distance. As the temperature is increased still further,
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the amount by which the high-temperature slip system must be favored
decreases in accord with the results shown in figure 20 for single
crystals of high-purity aeluminum.

Strain Markings by Light Mlecroscopy

The detaills of kinking and slip-band formation have been observed
by light microscopy. However, the structure of the slip bands must be
studied with electron microscopy by replica techniques, and this work
will be discussed in the next section.

The microsceopic strain markings observed on five representative
crystals are presented in figure 21. These micrographs were taken in a
directlon perpendicular to a plane contalning the specimen axis and ap-
proximately parallel to the plane contalning the slip direction. In =ll
cases, the crystals were positioned so that the ends of the ellipses
formed by the intersection of the slip bands with the specimen surface
appear convex to the left and the kink bands appear convex to the right.
The kink bands were observed on almost all crystals deformed in creep
from 3000 to 1,100° F, with no apparent dependence on the orientation
of the specimen axis. The amount of kinking appeared to depend on the
amount of deformetion, on the temperature at which the deformation took
place, and possibly on the strain rate. The kink bands were very sharp
in the temperature range from 300° to 500° F. 1In figure El(b), the
observable bands are kink bands, which were much more prominent than the
slip bands, which were not apparent in thils micrograph. As the tempera-
ture was increased, the kink bands broadened out until they were barely
noticeable in the creep specimen deformed at 1,100° F, as shown in
figure 21(e). The kink bands were approximstely perpendiculaer to the
slip direction; that is, the slip direction was normal tc the plane of
the kink bands. These observations 4138 not appear to depend on the
primary operative slip plane, which was a (111) in figure 21(a), a
(100) in figure 21(b), and a (211) in figures 21(c), 21(d), and 21(e).

Kinking presumably 1s the collection of an excess number of dislo-
cations in a locallzed region. The physical appearance of the kink
bands depends on the manner in which these dislocations are distributed,
that 1s, whether they exist in a network or whether they have been
collected in a boundary. Quite often the broad kink bands would either
fade away or appear as a rumpled surface when viewed at higher magni-
fications. However, microgrephs of the sharp kink bands were obtained
at 100X from specimens deformed at 3000 and 5000 F. Three types of kink
band that were observed 1in a Faxfilm replica of the surface are presented
in figure 22. The most typical form of a kink band runs disgonally down
and to the right in figure 22(a). Slip bands were observed to stop in
the kink band, but no discrete difference in orientation was apparent.
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In figure 22(b), the kink bands running diagonally up and to the right
exhibited a sharp discontinuity in the surface in the kink band. When
the specimen was viewed directly, instead of the replica, the difference
in the reflections of light from the material on either side of the kink
band provided evidence that there was a discrete difference in the orien-
tation in this type of sharp kink band, which has been observed also by
Gervais, Norton, and Grant (ref. 45). In the third type of kinking,
duplex slip has been observed in the kink band in the upper=-left-hand
corner of figure 22(c).

Kinking does not take place in single crystals of zinc deformed in
pure shear (ref. 34), but it does in zinc single-crystal tension specimens
(ref. 51). Therefore, the bending moment which acts on a crystal de-
formed by creep in tension must be responsible for the occurrence of
kinking. 1In addition, the slip planes rotate toward the tension axis es
extension takes place, and the lattlice on the opposite side of the crystal
must deform to accommodste this rotation. Chen and Mathewson (ref. 52)
have observed the formation kink bands in single crystals of aluminum
that were very similar to the typicel kink band shown in figure 22(a).

Gervais, Norton, and Grant (ref. 53) have investigated the role of
the bending moment in kink-band formation. They concluded that slip
on & second system could relieve the bending moment and prevent kinking.
In an attempt to check this hypothesis, three specimens, S-3, S-13, and
S-51, each with two favorably oriented slip systems, were deformed at
500° F in constant-load creep tests. The test conditions for these speci-
mens have been included at the end of table 3. In crystals S-3 and S-51
duplex slip was not observed on a gross scale but only locally in the
kink bands, as shown in figure 22(c). In crystal 5-15, one slip system
was operative on one end of the crystal and another on the other end.
Kink bands were formed on each end of the specimen, and the only duplex
slip on a gross scale was observed In the transition range between the
two ends of the crystal. The deformation was too inhomogeneous to tell
anything about kinking in this region. Becasuse the specimens did not
exhibit duplex slip on a gross scale, they did not prove or disprove
whether duplex slip could eliminate kinking. However, they did indicate
& tendency for duplex slip to take place on a fine, rather than a gross,
scale at elevated temperatures. Thils tendency bhas also been observed in
the electron-microscopy study of slip-band formation at elevated
temperatures.

Low-magnification photographs of the slip bands are presented in
figure 21. In general, the amount of shear on each slip band increased
as the temperature was lncreased, that is, for a given strain. However,
the most important observation to be made from these photographs is the
difference between the slip bands formed at 1,100° F during a constant-
load-rate test with & fairly repid strain rate (see fig. 21(d)) and those
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formed in & creep test with a relatively slower strain rate (see

fig. 21(e)). The slow deformation was much more’ inhomogeneous. These
gross slip bands observed on the creep specimen were actuslly made up of
a number of slip bands which could be resolved easily at 100X. Other
light micrographs of slip bands on specimens of the two purities are
presented in figure 23. The slip bands on the high-purity crystal S-2
appeared quite foroad and wavy at 100X after an extension of 9.3 percent
at 500° F in 1.5 hours with 400-ps1l resolved shear stress. The slip
bands on the low-purity crystal L-12 eppeared relatlvely straight and
much narrower at 250X after an extension of 14.L percent in a constant-
load-rate test at 500° F in 19 minutes. In addition, duplex slip on a
gross scale was quite apparent in the lower purlty specimen. These same
observations were made in the electron micrographs at much higher
magnifications.

Several speculative viewpolnts have been expressed on slip-band
formation, conslderable experlmental work has been done, and conclusions .
have been drawn from this work. However, no complete physical explanation
has been put forth to explain why slip bands form as they do. The propa-
gation of slip in high-purity alumilnum single crystals at room temperature -
has been observed and photographed with & moving-picture camera by Chen
and Pond (ref. 54). However, Brown (refs. 30, 55, 56, and 57) probably
has done the most work on this problem of slip-band formation. 1In
reference 55 Brown states that he found that the average number of
individual lines in a slip band after 15 percent deformation Increased
with temperature, whlle the spacing decreased. The slip distance on an
individual slip line decreased only slightly with temperasture and was
spproximately 2,000 A at all temperatures from -180° to 500° C. In
reference 30 Brown reports that the slip bands formed at room temperature
were initially individual lines at low strains, and then the number of
lines in a band increased as the strain was incressed. He attempted to
explain slip-band formation on the basis that slip took place in the .
regions of lowest hardness in the crystal and that a self-annealing
process caused the hardness to be low in the region very close to the
first and the subsequent slip lines 1n a slip band. This description : —
must be considered weak, without any physical significance, until a o
physical pilcture of the self-annealing processes can be presented.

Recently, two suggestlons for such a self-annealing process have been
presented. Koehler (refs. 16 and 58) has suggested that the internal
stresses resulting from thermal fluctuatlons can produce slip lamallae
(individual lines) by allowing a screw dislocation to undergo cross slip
and subsequent Frank-Read generstion on a neighboring slip plane parallel
to the initial locked lamella. This process would be dependent on the
time involved in deformation, since longer times would allow more
suitably large thermal fluctuetions to activate the process more times
in the same slip band. As evidence for this time dependence, Koehler
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quoted Brown's results (ref. 30) that slip bands in aluminum strained
rapidly at 4500 C contained only 11 lamellae, whereas those formed in
aluminum strained 1 percent per day at 4500 ¢ contained 50 lamellae.

The second suggestion for interpreting the structure of slip bands
is based on a recovery model for the high-tempersture creep process
described by Sherby and Dorn (ref. 59). They have attributed the rate-
controlling process to the recovery of barriers (to dislocation movement)
by a self-diffusion process; that is, the barrlers are reduced in
strength, rather than being surmounted by thermally activated dislocations.
At the temperstures at which diffusion is appreciable, it is also possible
that a locked Frank-Read generator, such as the segment of an edge dislo-
cation line in the slip plane, can climb perpendicular to the slip plane,
by self-diffusion, to a neighboring plane, where it again can generate
dislocations, resulting in another slip lemells in the slip band. This
process would also be time dependent to the extent that specimens deformed
in slow creep tests at high temperatures would be able to develop wide
slip bands, whereas specimens deformed iIn relatively faster tenslle tests
would not have time to build up the large slip bands. These results are
verified on a gross scale in figures 21(d) and 21(e). Details of the
structure of the slip bands must be observed by electron microscopy.
Regardless of the interpretation, the experimental results have shown
that the structure of the slip bands at elevated temperature is dependent
on the rate of streining. The reletion is probably not simple but should
be dependent on the recovery rate, which is a function of time, tempera-
ture, and possibly total strain.

Up to this point In the Investigation, three mechanisms of creep,
slip, kinking, and polygonizetion, have been observed. All three can be
regarded as dlslocation phenomena. They are probably all dependent on
or interrelasted to a recovery process involving either self-diffusion
(ref. 59) or possibly the removal or redistribution of excess dislo-
cations (ref. 60).

Electron-Microscope CObservations

The results of the electron-microscope work are presented in the
form of 16 micrographs in figures 24, 25, 26, and 27. Light micrographs
have already been shown in figure 23 from two of the crystals from which
electron micrographs were made.

Figures 24(a) and 24(b) show the elementary slip-line structures in
specimens with relatively low strain. These figures are not repre-
sentative of most of the surface area of the specimen, since most of the
area shows no strein markings at all. Areas with slip-line markings such
as those in the flgures are seen in only about 1 percent of the surface
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area scanned. In figure 24(a) the slip lines are nearly wniform, with
the shear on each slip plane being about 400 A. This is in agreement
with the data of Kuhlmann-Wilsdorf and Wilsdorf (refs. 61 and 62) for
the magnitude of the elementary structure which they observed covering
the entire surface between slip bands &t high stralns at room temperature.
As can be seen in figure 24(a), even at low strain there is evidence of
some duplex slip. It 1s not crose slip (i.e., slip on two planes in

a common direction) becsuse the slip directions are not the same in.the
two systems. This is consistent with the Kuhlmenn-Wilsdorf hypothesis
that aluminum contains many more possible Frank-Read scurces (ref. 17)
than can become active, because the dislocations from the different
sources interfere strongly with each other's motion. Therefore, the
yield stress for duplex slip may not be appreciably greater than that
for single slip, depending on the crystel orientation. The spacing and
over-all distribution of the slip lines is not in agreement with the
results of Kuhlmenn-Wilsdorf and Wilsdorf. This may be due partly to
the fact that thelr observations were made on polycrystalline, rather
than single-crystal, specimens.

There 1§ no evidence of the 400 A elementary slip-line structure in
any of the high-purity crystals deformed at elevated temperatures. The
family of slip lines in figure 24k (b) appears to have been generated from
Frank-Read sources in the interior of the metal. In the widest portion
of the slip lines the shear is probesbly between 1,500 A and 2,000 A.

An accurete determination is difficult because there is no etch pit in
the figure from which the orientation of the free surface can be
calculated. The waviness of the slip lines at elevated temperatures is
noiiceaple in figure 24(b). This can be attributed to several causes.
The first cause is curvature of the lattice. However, this doces not
seem likely at such a low strain. The second cause 1s bending of the
replica, which might create the 1llusion of curved lines. In view of
the irregularity of the waviness, this does not appear to be likely.
The most plausible explanation appears to be that these slip lines are
not generated by a single Frank-Read source but by multiple sources on
planes close together. It 1s entirely possible that a thinner replica,
particularly a platinum replica, would disclose some fine structure in
the wavy slip lines of figure 24(b), which was made from an aluminum-
oxide replica. It.seems probable that the dynamics of slip-line or
slip-band (multiple lines) formation at elevated temperatures are more
complex than the mechanisms based on Frank-Read sources and proposed by
Filsher, Hart, and Pry (ref. 63) and other investigators.

The slip bands observed at low magnification after the deformation
of high-purity eluminum at 500° F were also distinctly wavy, as shown 1n
figure 23(a). Kuhlmann-Wilsdorf and Wilsdorf have suggested that the
special form of the slip bands (i.e., whether they are wavy or
straight) is determined very early in the deformation process. This



NACA TN 3351 33

hypothesis, although interesting, is not very informative with regard to
the dynamlecs of the process. This hypothesis 1s apparently borne out
for the most part in aluminum specimens that were heavily deformed at
room temperature. The slip lines and sllp bands in heavily deformed
aluminum (deformed by bending) are straight, as shown by two examples

in figures 24(c) and 24(d). The slip in the easily resolved slip lines
(e.g., the group of three spaced quite close together and rumming from
the bottom center dlagonally up and to the right in fig. 24(d)) exhibits
a shear strain of 1,500 A to 2,000 A. However, there are evidently some
finer glip lines which are not resolvable at & magnification of 10,000X
in these particular replicas. It appears from figures 24(a), 2i{c), and
24(d) that the shear along the slip plane in aluminum strained at room
temperature vaeries from 400 A to several thousand angstroms. This is in
disagreement with Brown's result (ref. 57) that the shear is umiformly
about 2,000 A. It mgrees with the observation of a considerable range
in the shear on individual slip planes made by Kuhlmann-Wilsdorf and
Wilsdorf (refs. 61 and 62).

Figures 25(a), 25(b), 26{(c), and 26(d) show the surface structures
in high-purity aluminum crystals deformed at elevated temperature. All
of the specimens strained at 500° F show evidence of duplex slip on
different planes in varying degrees. This indicates, as previously
mentioned, an excess of Frank-Read sources. The slip band in figure 26(c)
runs down and to the right. However, it should be mentioned that this
structure was not typical of the surface. When the platinum replicas
were examined under a vertical light microscope, slip bands were clearly
visible. However, they almost always faded out when the objective lens
current was turned on and the image enlarged and focused on the viewing
screen. This is an indication that, when a high-purity aluminum crystal
1s deformed at elevated temperatures, the slip is too fine to be visible
in the electron microscope. The step heights are probably less than
200 A. Only rarely was a band such as that one in figure 26(c) visible
at high megnification. Originally, the structure in figure 26(c) was
interpreted as a relatively fine slip on cubic plenes (i.e., parallel
to the slde of the cubic etch pit in the lower right-hand corner) super-
imposed on a coarse slip on octahedral planes. However, in view of the
fact that the slip bands are not generally visible at all in the electron
microscope, this structure in figure 26(c) can be construed probably
better as a group of narrow sub-bands with octahedral slip too fine to
be resolved superimposed on resolvable cube slip. In any event, the
s1lip In most of the bands must be fine slip because it was not generally
visible in the electron microscope in replicas teken from high-purity
erystals deformed in creep at elevated temperstures.

Bands in crystals deformed at 1,000° F sometimes appear straighter
and narrower in the light microscope than bands in specimens strained
at 5000 F. The whole field in figure 26(d) would appear to be a single
band in the light microscope at a magnification of 100X, The resolved
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shear stress at 1,000° F is only sbout one-eighth that required to give
an equivalent creep curve at 500° F in the high-purity aluminum. BEvi-
dently slip on parallel planes may be easier than multiple slip at this
temperature. This depends, in part, on the crystal orientation. How-
ever, more work is needed in the examination of band structures at high
magnification as a function of both temperature and strain rate, as there
are insufficient date avellaeble at present to test theories of slip-band
formation.

Figure 27 shows micrographs of band structures in a lower purity
aluminum crystal strained rapidly at 500° F. The bands in figures 27(a),
27(b), and 27(c) run through etch pits. This band structure is quite
complex. Apparently there are nearly equal slips on two sets of planes,
glving a basket-wesve structure. Which slip system appears more prominent
depends on the orientation of the free surface. In some areas, such as
in figure 27(d), the surface becomes so rumpled that the pattern no longer
appears to be crystallographic in nature. This can be attributed to a
displacement of the slip lines by the lines of the second system. If
there are more than two systems operating, or if the slip alternates on
first one system and then the other, the pattern can become nearly
unrecognizable as a slip-system pattern, particularly for certain orien-
tations of the free surface.

In an investigetion of deformed polycrystalline aluminum with both
Formvar and aluminum-oxide replicas, Garrod, Suitor, and Wood (ref. 64)
observed that wavy slip bands were typical at elevated temperatures but
offered no explanation. Trotter (ref. 65) made the same observation on
coarse-grained high-purity sluminum deformed at 200° C in creep. However,
he attributed the wavy nature of the slip lines to the occurrence of
intimate cross slip.

In the lower purity aluminum, the displacement per slip plane is
about 500 A, as compared with 2,000 A for the primary slip system in
high-purity aluminum. The bands are narrower and straighter in the lower
purity aluminum, as can be seen in the light micrographs in figures 23(a)
and 23(b). Also, in the lower purity aluminum, there is duplex slip
between the bands, as shown in figure 23(b) and in electron micrographs
in figures 25(c) and 25(d). The indications are that there is still an
excess of Frank-Read sources in the lower purity aluminum, so that most
of the deformation takes place in the slip bands. However, the propagation
of avaldnches 1s hampered by the lattice defects around impurities, so
that the strain per band is limited. If the strain is high enough, there
is some cross s8lip between bands. '

A subgrain structure in annealed polycrystalline aluminum was first
noted by Robinson and Hunter (ref. 66) in electron mlcrographs from
aluminum-oxide replicas of a chemically polished surface. This same
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structure has been revealed in figures 26(a) and 26(b) in pletinum replicas
from an undeformed aluminum single crystael. Although this crystal actually
was deformed, The surface was prepared before the deformation, and these
micrographs from undeformed sections of the crystal are characteristic of
a crystal as grown by the strain-anneal method. Figure 26(a) is probably
the most striking of a1l the micrographs presented. All the smallest

etch pits are located in subgrain or domain boundasries, whereas the some-
what larger ones are bisected by one of the boundaries. The facts that

the boundaries are delineated by the chemical polish and that the etch
pits originate in the boundaries Indicate that these boundaries mark the
sites of localized crystal imperfections of some sort. The most probable
explanation is that they are the boundaries between small blocks slightly
out of register. The continuous etching of the small boundaries might
result from the elastically strained regions around the horizontal com-
ponent of edge dislocations makKing up the straight boundaries. At higher
magnification, such as in figure 26(b), the boundaries do not always

appear continuous.

The dimensions of these blocks range from about 3/h micron to
% microns, or of the order of 1 micron. This range of size 1s particu~
larly difficult to detect, since the particles are too small to yield
individual X-ray reflections in anythlng but the best of microbeam
technlques, and they are too lerge to cause X-ray line broadening. This
mosaic structure has been predicted in the theory of imperfect crystals
(ref. 67}, and there is reason to believe that all metals are made up of
such a characteristic structure. This small substructure undoubtedly
plays a large part in determining the mechanicsl properties of metals.
Wyon and Crussard (ref. 68) and Parker and coworkers (ref. 34) have
carried out experiments indicating that the boundaries of a fine sub-
structure, at least at low strains, will act as barriers to deformation.
How this fine substructure detected in this investigation varies with
annealing procedure remains to be seen.

The presence of this mosaic structure in a supposedly single crystal
brings up the question of the distribution of dislocations in the annealed
crystal. According to the dislocation model of a grein boundary, nearly
all of the dislocations could be concentrated in the boundaries. Vogel,
Pfann, and Corey (ref. 69) have observed etch pits in a low-angle boundary
between two subgrains in germenium. They found that the etch pits de-
veloped at regular intervals along the boundary, the spacing being related
to the observed difference in orientations of the two subgrains. There-
fore, they concluded that the etch pits started at the intersection of
the line of the edge dislocations in the boundary with the surface. More
recently, Amelinckz (ref. T0) has found thet etch pits developed on
slightly deformed aluminum along the slip lines, along grain boundaries,
and randomly. From the results of this investigation, the classification
of "randomly," in &1l probability, refers to the etch pits formed at small
subgrain or mosaic boundaries, as shown in figure 26(a).



36 NACA TN 3351

At first sight, the hypothesls that a1l the dislocations are con- o
centrated in the boundaries does not appear to be consistent with the
presence of the elementary slip-line structure, as detected by Kuhlmann- .
Wilsdorf and Wilsdorf (refs. 61 and 62). They observed fine slip in
aluminum with an average displacement of 300 A to 400 A per plane, with
the lines spaced at approximately 400 A. However, when it is considered
that the structure observed in figure 26(a) represents only the top
layer and that there are many more layers below this one in offset po-
gitions, it is easy to see how the elementary lines can be so closely
spaced, even 1f the dislocations and, hence, the Frank-Read sources are
in these smell boundaries, rather than inside the mosaic blocks. Again,
regardless of the interpretation, any theory of slip-line formation must
take into account the presence and the effect of this fine structure in
the annealed crystals.

Some suggestions have been made in this section about future work.
Basic to the theory of creep is the theory of slip-band formation. The
electron microscope 1s probably the best single instrument for examination
of slip bands. Improved surface-preparation and replica techniques en-
hence the value of this Ilnstrument. It probably would be advisable to
use only high-purity aluminum in e fundamental study of slip-band for-
metion. Crystals strained at various temperatures over a wide range of
temperatures and with varying degrees of strain and strain rate would have
to be examlined. It probably would be profitable to examine the structure
of a chemically polished surface after a low strain to see whether any
relationship exists between the sllp lines and the fine substructure,
which indicates a definite ordering of at least one type of crystal
imperfection.

SUMMARY OF RESULTS

The results of a study of plastlc deformation of aluminum single
crystals over a wide range of temperatures may be summarized as follows:

l. The effects of impurlty content and temperature on the plastic
properties of single crystals of aluminum have been observed in stress-
strain curves determined by constant-load-rate tests at 82°, 500°, and
1,100° F on specimens of two puritiles.

2. The creep characteristics of high-purity aluminum single crystals
have been determined for various stresses in the temperature range from
400° to 900° F under the condition of a constant resolved shear stress.
No empirical relatlion has been obtailned which could describe the creep
date over the range of the variables investigated, presumably because
of the differing kinetice of the mechanisms of deformation that have
been observed. -
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3. The increased creep reslstance provided by small amounts of prior
strain was found to be determined by the details, such as temperature,
strain rate, and amount of the prestrain.

4, The results of high-resolution X-ray techniques used to detect
and to follow the internal strain throughout the various stages of a
prestrain experiment showed the crystalline lattice to break up by a
two-stage process involving plastic bending and subsequent polygonization.

5. At temperatures of about 300° F and above the operative slip plane
could be a (311), a (110), a (100), or a (211) plane. The operative plane
was the plane in the system on which the resolved shear stress was the
highest, assuming thaet the slip direction was a [110] direction in all
cases.

6. The details of kinking and slip-band formation in plastic defor-
mation of single crystals of aluminum have been observed and recorded in
light micrographs. Kink bands always form along planes to which the slip
direction is normal. The formation of gross slip bands at elevated
temperature appeared to be a function of the rate of strain.

7. A fine substructure, disclosed by means of a chemical polish,
has been detected in annealed single crystals of high-purity aluminum.
This structure has linear dimensions of the order of 1 micron.

8. Etch pits have been observed to originate in the boundarles
between these small domains.

9. On crystals deformed at room temperature, shear displacements
from 400 A to a few thousand angstroms have been cobserved on 1ndividual
slip planes, or at least on fine slip bands which cannot be resolved
gt a magnification of 10,000X.

10. The smount of shear displacement per slip band has been observed
to be considerably less in the lower purity speclmens than in the high-
purity specimens deformed to a comparsble strain at the same elevated
temperature.

11. Duplex slip has been observed within the band structure in
specimens of both purities.

12. Duplex slip between the slip bands was much more apparent in
the lower purity specimens in both the electron and the light micrographs.

13. The three mechanisms of plestic deformation by creep, slip,
kinking, and polygonization, that have been detected can all be interpreted
as dislocation phenomena.

Battelle Memorial Institute,
Columbus, Chio, December 29, 1953.
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TARIE 1.- SUMMARY OF RESULTS OF CRYSTAL GROWTH

Number of crystals at prestrain, percent, of -
Total
Crystal size, in. 2 1% 1% 1 2/3
First growth - 54 speclmens®
1 by, 5 - 1 - 10
1 by, 1 _— 5 - 20
2 o 3 - 0 - 5
3 by 12 - 5 -- 19
Total 31 1 5l
Second growth - 54 specimens®
1 1 o] 2 i 1 11
1 0 b 1 2 2 8
2 0 1 2 4 6 13
3 o _2. 5 b 1 22
Total 1 9 10 24 10 Bl

a
All from aluninum of 99.99F-percent purity umless otherwise indicated.

Ppram aluminum of 99 .95-percent purity.
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TABLE 2.- CRYSTALIOGRAPHIC DATA FOR ALUMINU{ SINGLE CRYSTALS

b5

Crystal Slip plane @ B X @ A Cos @ cos A
Crystals for constant-load-rate tests
1-3 (111) 206.0 15.5 59.4 53.5 &37.0 0.7
(212) 825.7 65.5 373
(111) 866.0 23.5 372
-5 glJ_’L) 821.5 11.3 55.8 kg.2 a3z 7 Ao
mg 26.7 63-5 '398
(111 Lg.2 859, .330
I-12 (111) 832.0 &8.0 56.5 &45.0 L6.7 485
Emg 30.0 260.5 o6
111 &45.0 61.5 337
s-23 (111) 13.0 812.0 TL.5 57.0 8zh .0 150
gm) 857.5 3k.0 A5
111) 36.0 59.5 k10
8-56 (111) 857.5 7.8 31.3 5.3 46,3 1486
gm) 830.0 60.1 31
111) ay5.3 262.0 .330
S-6L4 111) 7.0 848.0 1.0 ko5 85% .0 A5
111; ko5 857.0 o2
211 37.5 853.0 R
Crystals for constant-stress creep tests

5-6 111) 5.8 a71.7 8317.0 9.8 g42.0 0.480
mg azg.7 53.0 462
111 2gL.0 28.3 371
8-7 111) 812.0 63.0 22.0 851.5 38.0 Aol
111) 30.0 861.0 Ao
111) 65.5 82k.0 379
3-10 511_1) 8ol .2 7.6 6.2 7.5 aL3. 0 k93
11) 833.3 57.5 4h8
(111) 8.2 8.6 .397
S-1k 111) 8s8.5 B56,7 « 15.5 52.5 239.0 A72
111) &2k, 0 66.5 .363
111) e69.0 21.5 .332
8-16 JJ_'Lg 822,0 860.5 18.0 57.5 33,0 450
111 a61.5 29.0 A7
111) 826.0 67.0 .350
8-25 (111) 837.0 8L9.5 13.0 18,5 a45.0 468
gm) EL48.5 ask.o .389
111) 23.0 68.0 3l
8-3h4 (111) 812.0 £10.0 73.0 856.8 3.5 5o
glﬂl} 858.2 33.0 JAiko
111) 36.5 859.0 413
8-35 111} 855,0 31.0 12.5 kg.0 ay%.5 L7
111) 826.0 6h.5 .386
111) k9.0 260.0 .328

BMeasured from left end of specimen; all others messured from right.

C-337
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TABIE 2.- CRYSTALLOGRAPHIC DATA FOR ALUMINUM SINGLE CRYSTAIS - Continued

Crystal Slip plene a@ B X ] A Cos @ cos A
Crystals for constant-stress creep tests - Concluded
5-36 111 a58.8 82,8 17.0 55.5 825.7 0.460
11_1; 265.0 25.5 381
111} 825.0 66.7 .358
8-50 111) 838.0 48,7 12.6 48.5 ay6,5 156
111 48.5 853,9 <391
111 8031 67.9 .36
8-5T7 111 828,k 1.2 58.7 48.9 8L2.0 .48
1t e28.1 62.0 L1k
111) 870.5 19.2 315
8-66 (111) 812.0 857.5 30.0 ayg,5 L2.0 g2
111) 26.5 863.5 399
111) 249.5 860.0 325
5-75 111 8152 8.7 58.6 a5z, 1 838,1 A2
11 25.6 865.0 .382
Crystals for electron-microscope work
-6 111) 86%.0 7.8 25.8 L6.7 k3,7 0.4%5
111) 832.8 57.T kg
111) 70.2 820.8 .315
I-11 hhh) 820.0 18.5 62.0 58.5 831.0 Lt
3_1_13 860.0 30.5 420
1y 27.5 6.5 .353
S-2 111) 817.5 £50.0 34,0 £53.5 k1.0 L7
111) 853.5 852,5 361
111) 19.0 a71.5 .299
8-9 111) 863.5 22.5 13.0 852.0 38.0 L8k
111) 830.5 62.0 103
111) 65.0 826.0 .378
8-37 (111} 852.3 24,0 26.8 61.3 32,3 Lok
111 64.0 28.3 .385
gmg 61.3 853.0 .288
S-28 111 2 836,02 52.5 36.2 855.5 456
111 8z6,2 56.0 450
111 36,2 865,0 3o
P-175 111) 841.5 eg.1 46.9 843.9 52.0 il
111) ah3.9 55.6 Yoy
111) 28.0 Bg5.2 .370
P-181 111 815.9 27.0 575 853,6 37.8 .168
E:_ug 24.0 866.2 .369
(111) 67.7 €22.8 349

Bvensured from left erd of specimen; all others measured from right.
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TABIE 2.- CRYSTALIOGRAPHIC DATA FCGR ALUMINUM SINGIE CRYSTALS - Continued

Crystel 81ip plane ’ @ B X @ A Cos @ cos A
Crystals for prestrain experiments

-5 (111) 9.5 852.5 35.7 f45.5 47.5 0.473
élm 27.7 863.5 -394
111) aL5.5 58.2 .368
S-8 111) B3l 7 #11.0 53.0 ay7.3 45.3 475
111) 26.0 agk.7 .383
111) ay7.3 57.3 .36k
g-12 111) &y7.5 228.2 15.5 51.5 &y 5 A3
111) 51.5 851.2 .389
111) 820.5 70.2 .315
8-17 111) 210.7 39.5 48,2 ay6.5 kg.0 1451
1131) k6.5 5k.3 Aol
111) ah.7 866.5 J361
8-43 11_1; 823%.3 45,3 35.2 9.0 38.5 .03
111 *259.0 L6.L 355
113) T2.5 &2l,0 25
S-lik gu_'L) eyl .5 835.1 23.3 58.8 239.0 Aoz
111 58.8 BL5.0 .360
(111 &73.1 23.9 266
5-58 ]_'I_'Lg B29.6 821.3 52.0 8.2 35.5 Jbog
111 868.0 22k .8 L34l
111) 18.1 &72.6 .o84
§-62 111) a6, 2 210.3 41.8 45,7 50.6 iz
111) a5, 7 53.5 15
111) 5.4 67.3 349
S-67 111) 259.6 820.0 21.7 858.8 31.7 Ja
111) 61l.4 29.0 J1g
111) 24,8 868.1 .33%9
8-T0 111) a27.0 16.0 58.0 5%.0 837.5 166
111 2.5 866.5 363
111 867.0 23,0 .360
5-73 111) 29,7 | ®37.0 | 50.7 | 5.7 | %u7.9 468
111) 26.7 agh L .386
111) 45,7 56.9 .381
S-T6 (111) 854.3 30.3 17.0 54.0 38.8 458
111) 821.8 68.6 .339
2]_‘(_1) 54.0 855.8 <330
S-T8 111 £9.7 805, 7 62.0 28,5 k2.0 293
111 31.2 859.7 30
111 69.2 8s1.3 331
S-86 111) £30.1 #15.0 55.6 52.3 839.9 169
mg 23.9 866.5 .365
111 52.3 57.5 .329

8easured from left end of specimen; all others measured from right.
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TABLE 2.- CRYSTALLOGRAPHIC DATA FOR ALUMINUM SINGLE CRYSTALS - Continued

Crystel Slip plane a B X ¢ A Cos @ cos A
Crystals for prestrain experiments - Conclude
8-ch 111 8s.5 a837.0 52.0 gL2.3 50.2 o.472
111 29.7 a861.7 Jh1n
111 8u2.3 59.5 2375
Crystal for X-ray work
§-6% a51 .4 &35.8 8.9 Lh .6 a48.4 0.473
827.5 63.5 <396
Ly, 6 858.0 3T
Crystals for constant-load creep tests
P-149 (100) 822.3 36.7 4h 6 8454 k6.1 0.486
211) 851,3 ko.o 479
100) a5x.3 Lo.0 458
111) 858.,0 4o.0 06
(111) 858,0 48,1 367
P-159 (1003 85,3 by .3 3h.9 ays,7 45.1 493
(311 £53.0 37.5 LTT
(111) 860.8 37.5 387
P-169 (100) 822,20 53.1 274 836.9 53.8 L73
(121) 859 k 3.0 Joo
(111) 5.5 826.8 371
8-1 {100) 827.7 B47.5 29.0 ho.5 anT. 7 ko5
2111) 864, 3 31.5 .368
111) 65.5 830.0 358
5.3 111) 7 8p1.0 68.7 ko5 a48.0 493
113) k.o o7 .488
111) k1.0 66.0 .306
§-13 (1121) &5 28.7 861.0 839.0 51.3 485
(111) 37.7 52,5 480
(1212) 829.0 69.7 .269
8-18 211) 813,34 S4k .00 Lo, 7 84,0 49.0 487
100) 6.0 850.0 N
100) 47,3 k9.0 k3
111) 849.3 49.0 428
111) 849.3 850.0 g
5-20 (100) 826.0 854.0 23.0 36.0 854.0 75
(111) 60.5 825.0 i
(113) 86k,0 28.0 . 386
S-21 100) 830,7 36.3 38,0 850.0 38,5 481
100) 853.7 37.0 b2
311) B3k .5 38.5 sk
(211) 858.5 37.0 b1t
111) 8gg.5 37.0 .318
111) 866.5 38.5 311

8Measured from left end of specimen; all others measured from right.



™

NACA TN 3351

TABLE 2.~ CRYSTALIOGRAPHIC DATA FOR ATAMINUM SINGLE CRYSPALS - Concluded

Crystal 81ip plane @ 8 X ¢ A Cos @ cos A
Crystels for constent-Ioed creep test - Concluded
8-27 211) 8275 816.0 56.0 54,0 836.5 0.472
111) 56.0 azg .5 )
100) &3h.0 57.5 )
(111) 868.0 22.5 345
8-39 (211) 238,5 813.5 k9.0 Byl 5 L5.0 Los
(111) 8%9.0 46.0 456
{100) 41,0 53.0 45k
(113) 849.0 53.0 39k
3-L2 (211) &49.0 35.0 10.5 50.0 k0.5 .489
glOO) ki.o 851.2 Rra
111) 5k.3 40.5 Jiys
(111) 54.3 851,2 364
. 8-45 5100) azh 3 29.5 h1.h 248.6 k2,0 ho1
100) 55.9 235.0 459
521_1) 58.5 835.0 .u28
111) 65.0 €35.0 36
" (111) 65.0 ho,0 .31k
8-46 (100) azg, L 26.9 L6.7 8Lx,3 47,2 gl
211) 58.0 833 .0 RNt
111) 62.8 ®33.2 .38%
11} 867.2 28.9 .3ho
S-51. (111) &70.5 19.2 .6 80,3 48.6 489
(111) 43,1 218,0 .88
(113) SN 6.3 321
5-60 {100) £29.0 £35.5 h1.0 £49.0 %1.0 Lo
{100) 54.5 B36.0 RITG
(211) 5T+5 836.0 L3k
111) 65.0 236.0 3ho
111) 65.0 1.0 2319
S-T1 glOO) az3.3 40,7 30.7 kg3 &x1.h .489
100) 56.9 8xh 1 JAs2
EJJ_]_) 66.3 azh .1 333
111) 869.1 30.7 <307
sS-T7 100) 223.5 39.0 k1.0 249.0 43,0 180
100) 51,0 41.5 A
111) 859.0 k1.5 .386
111) 855.0 43,0 376
g-82 100; 836,1 38.2 30.9 851.8 38.7 8o
100 53.9 836.5 - ATl
111) 66.4 826.5 322
111) 66.4 38.7 312
S-84 311) 841.3 18.8 12,3 5.5 a5, 7 488
ElOO) a7 &L5,9 .63
211) b7.3 45,7 473
111) 5%.0 gks5, 410
- 111) 5k,0 845.9 koo
s-87 (110} B79.5 83,7 9.7 £50.0 k2.3 XTS5
. (111) 851.0 4.3 A65

"Measured from left end of specimen; all others measured from right.




TABIE %.- SUMMARY OF DATA ON CPERATIVE BLTP PLANE AT ELEVATED TEMPERATURES

0%

Primary operative plane
Crystal Tempeg;ture, Test Straexin, Gos ¢ X T{high-temerature system)
08 a3
(a) Type ¢ v(111)
8-21 300 LoG-pai RSS for 10 min 0.005 | (711) 0.454 1.43
500 %00-psi RSS for 25.4 hr Lok | (131) LT 1.139
5-82 500 L50-psi RSS for 140 min 078 | {100) J82 1.497
P-169 700 To-pai RSS for 67 hr 005 | {111) oo 1.121
P-159 700 100-psi RSS for 18.5 hr L0595 5511) LTT 1.2%
TQO 182-psi R3S for 46 min .12 211) A48T 1,14
S-TL TOO 147-psi RSS for 5.3 hr .10 Eloo) 489 1.468
3-60 500 109-pel RSS for 278 min 165 100) e ) L1147
8-27 GO0 79-peil R3Z for 168 min 210 {£11) e 1,054
500 T5-psi RSS For 100 min 11 Eloo) Lol 1.290
500 71.0-psi RS8 for 100 min AT 100) Lo1 1.418
53-87 1,000 S0-pei RSS for 15 min Q10 (110) AT 1.02
8-17 1,000 62.2-psi RSS for 18 min .10 100% 130 1.244
1,000 A7.3-psi RSS for 25 min 216 100 it 5 1.345
Y e"s] NATT d3 £ emd o 1z LIRRY i rard 1 A
Ly LY [EEE LN I T I E ol ) A1) [ S| Ll
5-39 1,100 27.2-pel RE3 for 66 hr Jd29 211) L196 1.088
S-hz 1,100 o7.6-pel RS for 5.2 br L1k Eell) A89 1,104
5-8L 1,100 28.8-pel RSS for 6 hr .20 311) 483 1.19
P-149 1,100 29,9-psl RS8S8 for 20 hr .35 (1.00) L8 1.197
500 400-pai RSS for 3.3 hr J15 ) (11a) Ritszt
500 4oO-psi RSS for 45 min .0 (112) k35
180
S-51 500 600-psi RSS for 1 min .15 (111) 4Bo

®RSS, resolved shear strees; CIR, constant load rate.
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Top view with top
plate removed

For electrical connection
to center cylinder

Sliding fit with as little

Friction fit . _:_'L_ friction or play as possible
¥
1" N
i; DARNW EN*—Four 6-32 screws evenly
Bponno u\.. = spaced around top and
Center cylinder, ] \ R4y Pbotfom plates
N N
0D~ 1.359 in. \\Q \ N \ X
\ Y
N4 NN A
Ring fit tight to outside N \ E \ N INY~Space between rings:
shell, L.D.~1.400 in. % LN N/ & 0.500 in.
\\ S \

[(Dannnnog

™ Outer shell, LO-1% in.,
0.D—-2 in.

2
%

For electrical connection to rings

Ball bearing set into end of push rod

Figure l.- Capacitance pickup with cylindrical plates. Materials:
Cylindrical plates and push rod are commercial 25 aluminum; outside

case is Iuacite.
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Figure 2.- Capacitance-measuring unit for cylindrical-plate plckup.
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Extension, inch
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Figure 3.~ Calibretion plot for cylinmdrical-plate plckup. Sensitivity,
41 microinches per millivolt over & range of 0.30 inch.
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5 NACA TN 3351

Torget focal spot (line source)

Film, Eastmaon Kodak

lit(slit width perpendicular to paper), (Type K)
3 mm X ISO microns

Slit (slit width perpendicular to paper),
4 3 mm X 50 microns

“2om.! 1O
4 cm
lr—_—'_ |81__/—__—_"'
t Crystal (100) plane approximately paraliel i
e to the crystal surface !
L — T T o ]

Figure 4.~ Top view of experimental arrangement for oblique Laue photographs.
(Not drawn to scale.)

Target focal spot (line source)

Slit (slit length perpendicular to paper),
l 3 mm X I50 microns

Slit (slit length perpendicular

/~ 3q o to paper), 3 mm X 50 microns

(100) plane

Specimen surface

\ lmm

Direction of translation
(Parallel to specimen surface)

Figure 5.- Top view of experimental arrangement for X-ray reflection
micrographs. (Not drawn to scale.)
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FPlgure 6.- Effects of temperature and purity on stress-straln curves of
alumimim single crystals.
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Figure 7.~ Strain-time curves for three giresses at wooo F,
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Figure 8.- Strain-time curves for four stresses at 700° F.
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Figure Q.- Strain-time curves for four stresses at 900° F.
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Total Shear Strain, ¥ ,inch per inch

(=]
(4]
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Specimen| Symbols | Temp. L
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§$-50 % |400°F | 400psi
-57 &—d—a |600°F| 100psi
5-66
el ""—3-50'
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10 20 30 40 50 60 10 80 90 100
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Flgure 10.~ Strain-time curves for verious stresses and temperatures.
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Total Shear Strain, ¥ |

Total Shear Strain, ¥ ,inch per inch
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Figure 11.- Summary of constant-stress creep data on logarithmic plots.
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1200
X
ol =i Crystal | Symbol Prestrain y — Prestrain

800 —— 8-23 |-O—O Gontrol None

£ §-43 |-te-- |DOCQ-WEGN 10099 603135 in./in.
400 1 S-44 o — | onsoi | 00134 in/in. |

- L.
OF' I“I‘TB?TI’GH‘I | . |

0 04 08 J2 46 .20 .24 .28 52 .36
Total Shear Strain, ¥ , inch/inch

Flgure 12.- Effect of prestralning by two dlifferent methods at 82° ¥ on
stress-strain curve at 82° F.
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Figure 13.- Effect of rapid prestraining on creep curve at 200° F and
400-psi resolved chear stress.
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Total Shear Strain,y , inch per inch
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Grystal | Symbol Type of prestrain y — Prestrain
S-70 | 0—0 Control None
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Figure 14.- Effect of temperature of rapld prestreining on curve at %00° ¥
and 300-pel resolved ghear stress.
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Total Shear Strain, y ,inch parinch
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Figure 15.- Effects oOF two types of prestraining at 82° F on creep curve
at 300° F and 400-psl resolved shear stress.
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Flgure 16.- Effects of two types of prestraining at 300° F on creep curve
at 300° F and 400-psi resolved shear stress.
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NACA TN 3351
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(a) Normal back-reflection Laue (b) Back-reflection Photograph of
photograph of imperfect crystal imperfect crystal S-63 with a
5-63. Exposure time, 10 minutes; fine pinhole and slit collimstion.

1X. Exposure time, 12 hours; 1X

gre oA

B W T e e s P T

‘-ﬁﬁj—f’% T

(c) Oblique Laue photograph of (200) (d) Oblique Laue photograph of (200)
reflectlion from crystal S-63. reflection from crystal S-13.
Exposure time, 20 minutes; 2.5X. Exposure time, 10 minutes; 2.5%.

Figure 17.- Back-
crystal S-63
S5-13.

reflectlon Laue and oblique Laue photographs of imperfect
and oblique ILaue photograph of relatively perfect crystal
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i "e
a1l

(a) (200) reflection from unde- (a) (200) reflection from unde-
formed crystal S-5 with experil- formed crystal S-8 with same
mental arrangement shown in experimental arrangement except
figure 4. Exposure time, a 150-micron pinhole was substi-
10 minutes. tuted for 150-micron slit.

Exposure time, 100 minutes.
—— -

(b) Seme reflection after 1.63- (e) Same reflection after 1.53-
percent extension by prestraining percent extension by prestraining
with 400-psi resolved shear with 400-psi resolved shear
stress for % minutes at 82° F. stress for 3 minutes at 82° F.
Exposure time, 10 minutes. Exposure time, 100 minutes.

>

(c) Same reflection after sn addi- (f) Seme reflection after an addi-
tiongl 11.l1-percent extension by tional T.30-percent extension by

creep with L0OO-psi resolved creep with 400-psi resolved
shear stress at 300° F to 575° F shear stress at 300° F for
in 17 hours. Exposure time, 64 hours. Exposure time,
80 minutes. 12 hours.

Figure 18.- Oblique Laue photographs from (200) plane of two aluminum
single crystals at various stages of deformation with tungsten
radiation. 2.5X.



68 NACA TN 3351

(a) Deformation, none except a vertical and a horizontal scratch mark;
exposure time, 6 hours; emulsion, type V-O; translation, 2 millimeters.

(b) Deformation, 1l.47-percent extension in constant-load-rate test to
327-psi resolved shear stress &t 82° ¥ in 15 minutes; exposure time,
6 hours; emulsion, type V-0; translation, 2 millimeters.

(¢) Deformstion, an additional 6.9h-percent extension by creep with
4L0O-psi resolved shear stress at 300° F in 118 hours; exposure time,
15 hours (with one entrance slit removed); emulesion, lantern slide;
translation, 4 millimeters. .

Figure 19.- X-ray reflection microgrsphs from (200) plane of aluminum
single crystal S-94 at various stages of deformstion with copper
radiation. 2.5X.
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7 on Most Favorable (111) [110] System

v on High-Temperature System

Ratio

0 100 200 300 400 500 600 Symbol | Primary
rT l I T ! i I Operative
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1.00 \ -
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Figure 20.- Effect of orlentation on operative slip system as function

of temperature.
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70 NACA TN 3351

(a) Crystal S-78; test, L00-psi
resolved shear stress at
300° F; extension, 12.6 per-
cent in 94 hours.

(b) Crystal 5-82; test, 450-psi
resolved sheer stress at
500° F; extension, 7.8 per-
cent in 140 minutes.

(c) Crystal 5-18; test, 182-psi
resolved shear stress at
700° F; extension, 12 per-
cent in 46 minutes.

(d) Crystal S-64; test, constant
load rate at 1,100° F; exten-
sion, 13 percent in 6 mimites.

_ r (e) Crystal S-L2; test, 27.6-psi
et e ' resolved shear stress at

: 1,100° F; extension, 14 per-
cent in 5.2 hours.

Figure 21.- Light micrographs of kink bands and slip bands on single
crystals of aluminum deformed at verious temperstures. 2X.



NACA TN 3351 . ™

(a) Crystal S-78; test,
400-psi resolved
shear stress at 300O F,
extension, 12.6 percent
in 94 hours; typical
kink band.

(b) Crystal S-82; test,
450-psi resolved
shear stress at 500o IO
extension, 7.8 percent
in 140 minutes; sharp
Idnk bands.

(c) Crystal S-51; test,
600-psi resolved
shear stress at 500° Fy
extension, 15 percent
in 1 minute; duplex
sllp in kink bands.

Figure 22.- Light micrographs of various types of kink bands observed on
unshadowed Faxfilm replicas of deformed sluminum single crystals.
100X.
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() Crystal S-2; 100X. (See fig. 26 for electron micrographs.)
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(b) Crystal L-12; 250X. (See fig. 27 for electron micrographs.)

Figure 25.- Light micrographs of slip bands on deformed aluminum single
crystals of two puritles with chemically pollished surfaces. Both
micrographs are from unshadowed Faxfilm replicas.
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(a) Crystel P-181; test, L40O-psi
resolved shear stress at 82° F
(10 minutes); extension, 0.90
percent; 135,500X.
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(b) Crystal P-175; test, tensile
test at 400° F in vacuum; exten-
sion, 5 percent; 8,000X.

-

- (c) Test, bending at 82° F; defor-

mation, heavily deformed; 3,500X.

() Test, bending at 82° F; defor-

mation, heavlily deformed; 4,500X.

Figure 24.- Electron micrographs of aluminum-oxide replicas from electro-
polished surfaces of deformed aluminum single crystals.
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(a) Crystal S-89 (unoriented); test, (b) Crystal S-56; test, constant
800-psi tensile stress at 500° F load rate at 500° F with oil
in vacuum; extension, 11 percent coatling; extension, 22 percent
in 19 hours; type replica, alu- in 16 minutes; type replica,
minum oxide; 7,500X. aluminum oxide; 4,000X.

(c) Crystal I-11; test, 970-psi
resolved shear stress at 5000 F
in vacuum; extension, 12.4 per-

cent in 17 hours; type replica,
Formvar; 3,000X.

(d) Crystal I-11; test, 970-psi
resolved shear stress at 500° F
in vacuum; extension, 12.4 per-
cent in 17 hours; type replica,
platinum; 4,000X.

Figure 25.- Electron micrographs of slip bands on various replicas from
electropolished surfaces of deformed aluminum single crystals.
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(a) Crystal s-2; undeformed; sur- (b) Crystal S-2; undeformed; sur-
face, chemically polished and face, chemically polished and
etched; 6,500X. etched; 16,000X.

(¢} Crystal S-2; test, 400-psi (@) Crystal 5-37; test, 50-psi
resolved shear stress at 500° F resolved shear stress at 1,000° F
with oil coating; extension, 9.3 in vacuum; extension, 12 percent
percent in 1.5 hours; surface, in 1.4 hours; surface, electro-
chemically polished; 23,000X. polished; 21,000X.

Figure 26.- Electron micrographs of platinum replicas of undeformed and
deformed regions on aluminum single crystals.
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(c) 14,000X. (d) 50,000K.

Figure 27.- Electron micrographs of slip bands on a deformed aluminum
single crystal wilth a chemically polished surface. Crystal I-12;
test, constant load rate at 500° F with protective oil coating;
extension, 14.4 percent in 19 minutes; type replica, platinum.
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